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resumo 
 
 
Neste trabalho foi efectuada uma avaliação integrada usando descritores
sedimentares e biológicos ao nível da espécie e da comunidade e índices
bióticos de síntese para o traçamento do enriquecimento orgânico numa
região, com características dispersivas, da costa Oeste de Portugal. Na área
estudada existem gradientes ambientais e biológicos relacionados com a
heterogeneidade da paisagem sedimentar, a qual inclui sedimentos desde
areias finas limpas a vasas. Contudo, na área próxima do emissário, esta
paisagem é mais homogénea e constituída por areia fina com baixo teor em
finos. Nesta região, alguns dos descritores estudados deram uma indicação
coerente de alterações ambientais associadas ao enriquecimento orgânico. O
potencial de oxidação - redução mostrou valores negativos até 250 m do
emissário, o que indicia que a degradação da matéria orgânica que entra no
sistema cria condições reduzidas no sedimento. Os isótopos estáveis de
carbono e azoto no sedimento diferenciam a área mais próxima do emissário,
que apresenta uma depleção de acordo com uma origem terrestre da matéria
orgânica naquela parte da plataforma. Uma imagem similar foi obtida pela
análise dos isótopos estáveis na macrofauna que diagnosticou a origem
terrestre da matéria orgânica consumida. A composição específica e a
abundância das comunidades bentónicas também são significativamente
diferentes junto ao emissário, onde são dominadas por espécies oportunistas,
tolerantes ao enriquecimento orgânico. No entanto, os índices bióticos em
validação no âmbito da implementação da Directiva Quadro da Água, não
foram eficientes a mostrar as alterações bentónicas associadas ao
enriquecimento orgânico apesar de alguns índices se basearem nos limiares
de tolerância/sensibilidade a este tipo de perturbação. Apesar deste caso de
estudo reflectir um enriquecimento orgânico moderado, uma vez que não
foram detectadas alterações sedimentares ou acumulação de matéria
orgânica, nem um significativo empobrecimento das comunidades biológicas
junto ao emissário, a análise ao nível dos índices bióticos de síntese pode
levar à perda de informação essencial e, portanto, prejudicar a nossa
capacidade de diagnóstico devendo ser usados com cuidado. A análise do
conjunto de dados da composição específica forneceu uma imagem mais
precisa da perturbação ambiental e descritores específicos, tais como os
isótopos estáveis, permitiram uma melhor compreensão da extensão espacial
do enriquecimento orgânico. 
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abstract 
 
 
In this work, an integrated assessment was conducted using sedimentary and
biological descriptors at the species and community level and synthesis biotic
indices to trace organic enrichment in a dispersive area on the West coast of
Portugal.  In the study area there are environmental and biological gradients
related to the heterogeneity of the sedimentary seascape, which includes
sediment from clean fine sand to mud. However, in the area close to the outfall,
this seascape is more uniform and composed of fine sand with low fines
content. In this region, some of the descriptors analysed gave a coherent
indication of the environmental alterations associated with organic enrichment.
The redox potential showed negative values up to 250 m from the outfall,
indicating that the degradation of the organic matter input into this system is
creating reduced conditions in the sediment. Carbon and nitrogen stable
isotopes in the sediment differentiated the area closest to the outfall, presenting
a depletion according to a terrestrial origin of the organic matter in that part of
the shelf. A similar image was obtained with the stable isotope analysis
performed on the macrofauna diagnosing a terrestrial origin of organic matter
consumed. The benthic community species composition and abundance were
also significantly different in the area closest to the outfall, where it was
dominated by opportunist species, tolerant to organic enrichment.
Nevertheless, biotic indices in the process of validation for the implementation
of the Water framework Directive were not effective at showing benthic
alterations associated with organic enrichment despite some being based on
species tolerance/sensitivity thresholds to this type of disturbance. Although
this case study may reflect mild organic enrichment, given that no physical
sediment alterations nor organic accumulation were detected, and that no
significant impoverishment of the benthic community was detected close to the
outfall, the analysis performed at the level of the synthesis biotic indices may
cause essential information to be lost and hence, impair our diagnostic
capability and should be used with care. The analysis of the full species
composition data set gave a more valuable picture of the environmental
disruption and specific descriptors such as stable isotopes allowed a better
understanding of the organic enrichment spatial extent. 
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1. Introduction 
Organic enrichment and contaminant inputs from urban and industrial sewage 
effluent discharges, aquaculture waste, storm water and agriculture runoff, have 
become common stressors to the coastal and marine environment, and in 
particular to the sedimentary habitat and biotopes (Pearson and Rosenberg, 1978; 
Sweeney et al., 1980; McClelland and Valiela, 1998; Kauppila et al., 2005; Tewfik 
et al., 2005) resulting in responses across a range of trophic levels (Vizzini and 
Mazzola, 2006). The severity of such responses is mainly related to the dispersive 
vs. accumulative properties of the receiving environment. It is known that the 
extent and dispersal of anthropogenic inputs depend namely on the quantity and 
type of waste, local hydrography, hydrodynamic regime and other environmental 
features of the disposal area (Sarà et al., 2006; Vizzini and Mazzola, 2006). 
Organic matter concentrations in sediments, in particular, may depend on the 
deposition rate, the nature of organic sources and their flux rates, their 
preservation potential during transport and burial, mineralization and degradation 
(Owen and Lee, 2004; Ogrinc et al., 2005; Gao et al., 2008). The sedimentary 
organic matter is a heterogeneous and complex mixture of organic compounds 
with different chemical characteristics, originating from different sources (Tesi et 
al., 2007).  
A history of studies to assess the health of aquatic systems have provided 
many environmental indicators and indices based on marine macrobenthos, due to 
their inherent ability to integrate sediment quality, and helped managers when 
addressing the cause of disturbances (Diaz et al., 2004; Rosenberg et al., 2004; 
Quintino et al., 2006). In recent years, several sets of legislation worldwide 
(Oceans Act in USA, Australia or Canada; Water Framework Directive and the 
Marine Strategy in Europe, National Water Act in South Africa, etc.) have been 
developed in order to address ecological quality or integrity, within estuarine and 
coastal waters (Borja et al., 2008a). In Europe, the Water Framework Directive 
(WFD; 2000/60/EC) and the Marine Strategy Framework Directive (MSFD; 
2008/56/EC) delineate the legal basis for the conservation of European offshore, 
coastal, transition and fresh waters. Both directives aim to protect and improve the 
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aquatic environment and stimulate a progressive reduction of discharges and 
emissions. The initial implementation steps of the WFD included the integrative 
assessment of the current ecological status of these water bodies, by using 
several hydro-morphological, physicochemical and biological elements. This 
procedure requires the establishment of indices (metrics) that should enable the 
detection and quantification of induced alterations to the ecosystem and allow the 
classification of their ecological quality status. Such classification requires the 
comparison of data obtained from monitoring studies to reference conditions and 
deriving an Ecological Quality Ratio (EQR) that must be consistent with the 
normative definitions of the class boundaries specified in the WFD: High, Good, 
Moderate, Poor or Bad. This ratio must be expressed as a numerical value 
between zero and one, with ‘High’ status represented by values close to one and 
‘Bad’ status by values close to zero (Vincent et al., 2002).  
In coastal and transition waters, one of the biological quality elements to be 
considered is the benthic invertebrate fauna, particularly the soft-bottom benthos. 
The benthic fauna is considered ideal for environmental quality assessment in 
sedimentary habitats because most species live for several years and their 
sedentary life makes most animals unable to escape adverse conditions. Benthic 
species encompass a range of feeding guilds, life-history traits and 
tolerance/sensitivity thresholds to stress, which enhances their capacity to 
integrate the benthic habitat and near-bottom water quality (Gray and Elliott, 
2009). The community level approach based in species composition has thus long 
been regarded as a valid diagnostic tool for environmental assessment. The 
benthic macrofauna succession along organic enrichment gradients namely is 
amongst the most studied examples in the marine environment of community level 
response to disturbance, following the Pearson-Rosenberg paradigm (Pearson 
and Rosenberg, 1978). Opportunist species set the first stages of an ecological 
succession due to their tolerance to inhospitable habitats and often create 
favourable conditions for sensitive species to establish (Pearson and Rosenberg, 
1976, 1978; Hily and Glémarec, 1990; Grall and Glémarec, 1997).  It is at the 
basis of the tolerance/sensitivity classification of species used in recently 
developed biotic indices aiming to portray environmental responses/alterations to 
1. Introduction 
 3 
anthropogenic effects (Borja et al., 2000). Biotic indices aim to summarize the 
community data into a single number. This oversimplification, although appealing 
to managers and decision makers, has both gained followers and opponents in the 
scientific community (Gray and Elliott, 2009). Several biotic indices based on the 
benthic macrofauna assemblages have been recently proposed (AMBI, Borja et 
al., 2000; BENTIX, Simboura and Zenetos, 2002; BQI, Rosenberg et al., 2004; 
BOPA, Dauvin and Ruellet, 2007) and considered useful diagnostic tools in 
different coastal and transitional areas (see reviews in Diaz et al., 2004; Salas et 
al., 2006; Gray and Elliott, 2009; Pinto et al., 2009). The most widely used, alone 
or in conjunction with other metrics, is the AZTI Marine Biotic Index, AMBI. It has 
been integrated with measures of species richness, abundance and/or diversity, 
originating multi-metric indices, which accommodate the class ranges to satisfy the 
WFD. Examples include the Multi-metric AMBI, Basque Country, Northern Spain 
(M-AMBI, Borja et al., 2004; Muxika et al., 2007), the Infaunal Quality Index, 
United Kingdom (IQI, Quintino et al., 2006), the DKI, Denmark (Borja et al., 2007), 
the Benthic Assessment Tool, Portugal (BAT, Teixeira et al., 2009). AMBI, either 
alone or in conjunction with other indices, has been tested in a variety of 
geographic areas around the world, subject to different types of perturbations 
(Salas et al., 2004; Muniz et al., 2005; Muxika et al., 2005; Labrune et al., 2006; 
Dauvin et al., 2007; Borja et al., 2007; Bigot et al., 2008; Callier et al., 2008; 
Grémare et al., 2009). Some studies question the performance of biotic indices as 
quality indicators (Zettler et al., 2007; Blanchet et al., 2008; Lavesque et al., 2009), 
and it is clear that they require testing in areas under the influence of single 
disturbance agents. 
Other descriptors have also been regarded as suitable indicators of ecosystem 
status. Stable isotopes are an example, because their distribution in flora and 
fauna reflects the integrated biogeochemical cycling of elements plus the added 
effects of species-level interactions within food webs (Fry, 2006). Isotopes are 
atoms of the same element that differ in the number of neutrons in the nucleus. 
The word ‘isotope’ means that isotopes of an element occupy the same (iso) place 
(topos) in the periodic table of the elements. A moderate number of neutrons, 
usually equal to or somewhat more than the number of protons, is the key 
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ingredient for long-term stability of isotopes and their elements. Stable isotopes 
are safe isotopes that do not decay and unlike the radioactive isotopes, 
overloaded with too many neutrons in the nucleus making them unstable, are not 
at all dangerous to human health, being a fundamental part of each one of us (Fry, 
2006).  
While in nature isotopes are merged into a homogeneous whole by a process 
called mixing which combines them, another process called fractionation acts to 
separate them. It is the combination of the two processes that rules the isotope 
cycling in the biosphere. Extra neutrons in the nucleus of an element account for 
subtle chemical differences. In kinetic reactions, during the making and breaking of 
bonds, isotopes do not behave exactly alike. Where bonds are forged or broken in 
forward-moving reactions, these slight rate or kinetic differences are important. 
With the same amount of energy applied, the light isotope bonds spring apart and 
break, whereas the heavy isotope bonds break less frequently because once a 
bond is formed with heavy isotopes, it is harder to break this more stable and less 
energetic bond. This leads to a faster reaction of the light isotope atoms, that 
easily escape bonds and this faster or differential reaction gives the isotope 
fractionation. In equilibrium exchange reactions between molecules, in which 
reactions proceed both forwards and backwards, eventually coming to a balanced 
equilibrium, heavy isotopes concentrate in the molecules where bonding is 
strongest. When bonds are formed, the more massive heavy-isotope atoms 
require more activation energy, so that bond formation is slower for heavy isotope 
reactions. This differential concentration during exchange reactions is also a type 
of fractionation (Fry, 2006). 
Fractionation is commonly denoted by the Greek symbol ∆. The fractionation 
values are expressed in positive permil units (e.g. ∆ = 20‰), and are usually quite 
similar to the simple difference between two isotope composition values. Perhaps 
the simplest equation of fractionation applies to a reaction where a product is 
formed from a source material, ∆ = Source - Product. For example, with respect to 
carbon, when dominant C3 plants fix carbon dioxide (fixed by ribulose-biphosphate 
carboxylase)  during photosynthesis, a fractionation of 20‰ occurs between the 
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source atmospheric CO2 (13C = -8‰) and the plant sugar product (13C = -28‰) 
that is formed from atmospheric CO2 (Fry and Sherr, 1984). On the other end, 
carbon uptake by C4 plants (fixed by phosphoenolpyruvate carboxylase), mainly 
tropical and salt grasses, involves a small net fractionation of about 5‰. The 
exchange of CO2 between the atmosphere and the surface of the ocean involves 
an equilibrium chemical fractionation between atmospheric CO2 (13C = -8‰) and 
the total CO2 (mostly bicarbonate) in surface ocean water (about 1‰; Fry, 2006). 
The withdrawal of carbon to form carbonates involves small isotope fractionations 
whereas uptake of dissolved inorganic carbon in planktonic photosynthesis 
involves larger kinetic fractionation that results in phytoplankton isotope 
composition values of -18 to -24‰ (Fry and Sherr, 1984). Both the dissolved and 
the particulate organic matter in the oceans predominantly have a marine 
planktonic origin (Fry, 2006). As for nitrogen, most is present as N2 gas in the 
atmosphere, well mixed with an isotope composition that is essentially constant at 
0‰. Nitrogen in most other parts of the biosphere also has an isotope composition 
near the 0‰ value, from -10 to +10‰ (Peterson and Fry, 1987). A cumulative 
faster loss of 14N than 15N during particulate N decomposition results in 15N 
increases of 5 to 10‰ with increasing depth in the ocean. Nitrification and 
denitrification in the sea both proceed with substantial isotope effects (∆ = 10 to 
40‰), and where nitrate is abundant, assimilation by phytoplankton proceeds with 
a smaller effect (∆ = 4 to 8‰). There is a wide range reported for nitrogen isotope 
values for ammonium and nitrate in precipitation from about -20 to +10‰ 
(Peterson and Fry, 1987; Fry, 2006).  
Isotope values have their own special notation, the  notation signifies 
difference. The  values denote a difference measurement made relative to 
standards. The isotope compositions of standards are used routinely in the 
calculation of  values where they appear as the RStandard term: HX = [(RSample / 
RStandard – 1)] x 1000. In this definition, the  notation is specified for a particular 
element, X = C (carbon) or N (nitrogen), the superscript H gives the heavy isotope 
mass of that element (13C, 15N), and R is the ratio of the heavy isotope to the light 
isotope for the element (13C / 12C for carbon and 15N / 14N for nitrogen). The  
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definition involves a final multiplication by 1000 to amplify very small differences 
measured between samples and standards. The units of  are ‘‰’ or ‘permil’ (Latin 
roots for parts per thousand). Most  values range between -100 and +50‰ for 
natural samples (Peterson and Fry, 1987; Fry, 2003, 2006). The negative  values 
just indicate relatively less heavy isotope than is present in the standard. 
Standards have a  value of 0‰, which means that when a standard is measured 
against itself, the difference will be zero. However, standards contain appreciable, 
nonzero amounts of heavy and light isotopes (Vienna Pee Dee Belemnite: 13C = 
1.106%, 12C = 98.984%; Atmospheric Air: 15N = 0.366%, 14N = 99.634%, Fry 
2006), so that 0‰ means no difference from the standard. Samples with higher  
values are relatively enriched in the heavy isotope and are ‘heavier’. Samples with 
lower  values are relatively enriched in the light isotope and are ‘lighter’.  values 
are straightforward indicators of ‘% heavy isotope’ because there is a simple, 
essentially linear relationship between  values and isotope content (Fry, 2006). 
Thus the terms ‘heavier’ and ‘enriched’ refer to samples that have a higher % 
heavy isotope and higher  values, whereas ‘lighter’ and ‘depleted’ refer to 
samples that have lower % heavy isotope and lower  values.  
The % heavy isotope is also termed atom percent, atom %, or abbreviated as 
HAP where the superscript H indicates the heavy isotope and can be used as 
another notation for isotope accounting. There is also the fractional F notation 
when atom percent values are divided by 100 and the R notation which is actually 
a ratio of F values. All notations are derived from the  definition (see Fry, 2003, 
2006 for conversions). Exact equations for mixing are written in the atom percent 
or AP notation, or in the F notation, but exact equations for fractionation are written 
in terms of R values, the ratio notation. The  notation allows mixing and 
fractionation calculations with simple algebra, with results that are still accurate at 
the level of most experimental data, except calculations involving hydrogen 
isotopes and for samples that have been spiked with heavy isotope tracer (Fry, 
2006).  
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Stable isotopes techniques can help to identify the origin of organic matter by 
discriminating between terrestrial and marine sources (Deegan and Garrit, 1997; 
Vizzini and Mazzola, 2003; Ogrinc et al., 2005; Vizzini et al., 2005; Usui et al., 
2006; Tesi et al., 2007; Gao et al., 2008). The stable isotope approach considers 
the existence of differences among natural abundances of carbon and nitrogen 
stable isotopes and C / N elemental ratios in organic matter from terrigenous and 
marine origin (Liu et al., 2006). This approach relies on the assumption that 
isotopic and C / N ratios from sedimentary organic matter are conservative and 
that their natural distribution reflects the mixing of material from distinct end-
member sources (Machás et al., 2003; Liu et al., 2006). In general, terrestrial 
organic matter has depleted 13C and 15N values when compared to marine 
organic matter (Vizzini et al., 2005). As such, a typical sewage effluent, having a 
terrestrial-derived organic matter contribution, may present 13C values in the 
range of -22.4‰ to -26.5‰ and 15N values between +1.8‰ and +3.8‰ (Sweeney 
et al., 1980; Spies et al., 1989; Gearing et al., 1991; Van Dover et al., 1992; 
Rogers, 1999; Conlan et al., 2006) whereas marine organic matter presents 13C 
values in the range of -18‰ to -24‰ and 15N values between +4‰ and +9‰ (Fry 
and Sherr, 1984; Tucker et al., 1999).   
The different isotopic composition of organic matter in sewage waste, relative 
to the marine autochthonous organic matter, may help to trace the extension of 
sewage waste in coastal areas. In fact, stable isotopes studies have supplied 
evidence of sewage particulates accumulation in sediments and subsequent 
incorporation in marine food webs (Van Dover et al., 1992). Consequently, this 
method has been successfully used to indicate sediment recovery to background 
values after cessation of sewage discharges (Tucker et al., 1999). Nevertheless, 
some studies have reported no signs of sewage impact on the sediments while 
detected on the biota (Waldron et al., 2001). Also, when looking for carbon and 
nitrogen signatures to trace the origin of organic sources to the coastal 
sedimentary environment, few studies include data on baseline variables, such as 
grain size or total volatile solids, nor discuss their potential confounding role. Gao 
et al. (2008) namely found a linear correlation in uncontaminated estuarine and 
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coastal sediments between carbon and nitrogen stable isotopes and mean 
sediment grain size and considered this factor to be of influence to the isotopic 
distributions.  
The study of carbon and nitrogen stable isotopes in biological species has also 
proven to be a useful tool for mapping the spatial extent of sewage influence. 
Macroalgae (Costanzo et al., 2001), benthic deposit feeders (Van Dover et al., 
1992) and generalist feeders (Waldron et al., 2001) have been recommended, 
while suspension feeders appear to record sewage input less faithfully (Conlan et 
al., 2006). Because those guilds integrate complex trophic chains, their isotope 
signatures can help to trace pathways of sewage-derived organic matter through 
the food-web (Van Dover et al., 1992; Vizzini and Mazzola, 2006; Hadwen and 
Arthington, 2007; Choy et al., 2008) or even track contaminant trophic transfer 
(Spies et al., 1989; deBruyn and Rasmussen, 2002; Nfon et al., 2008). 
Anthropogenic organic matter can enter the food web through primary 
producers’ assimilation of carbon and nitrogen sources or direct consumption by 
consumers (Vizzini et al., 2005). As the organic matter in sediments enters the 
food web, stable isotope signatures should undergo small variations when passing 
through the trophic levels (Vander Zanden and Rasmussen, 2001; Post, 2002; 
McCutchan et al., 2003; Sweeting et al., 2005; Yokoyama et al., 2005; Dubois et 
al., 2007). From lower to higher trophic levels, the isotope values tend to increase 
due to the discrimination towards lighter isotopes during metabolism and excretion 
(Peterson and Fry, 1987). It has thus been suggested that 15N can be used to 
determine the trophic position of species along food-webs, because each trophic 
level is on average 2 - 4‰ more enriched than its source of nitrogen (DeNiro and 
Epstein, 1981; Peterson and Fry, 1987; Vander Zanden and Rasmussen, 2001; 
Post, 2002; Vanderklift and Ponsard, 2003; McCutchan et al., 2003; Yokoyama et 
al., 2005; Dubois et al., 2007; Abrantes and Sheaves, 2010). A slight average 
enrichment up to 2‰ in 13C with each trophic level also allows 13C to trace 
carbon pathways in food-webs and organic matter sources (DeNiro and Epstein, 
1978; Fry and Sherr, 1984; Vander Zanden and Rasmussen, 2001; Post, 2002; 
Vanderklift and Ponsard, 2003; McCutchan et al., 2003; Yokoyama et al., 2005; 
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Dubois et al., 2007). This enrichment allows for the quantification of the relative 
contribution of sources with different isotopic composition to a given consumer diet 
traceable through the food web (Cole et al., 2004, Bode et al., 2006). The best 
image of the ecosystem baseline isotopic composition may be found at or near the 
base of the food web, as primary consumers integrate the temporal isotopic 
variation of their food sources (Mckinney et al., 2001). The consumer isotopic 
composition value varies with food composition, consumer species, fractionation 
during food processing, trophic level and among habitats in the same aquatic 
ecosystem (Herman et al., 2000; Hart and Lovvorn, 2001; Davenport and Bax, 
2002; Dubois et al., 2007; Caut et al., 2009). Moreover, the tissues isotopic 
signatures generally reflect the assimilated diet over the period during which the 
tissue is synthesized, such that tissues with different turnover rates will integrate 
dietary information over different temporal periods (Davenport and Bax, 2002; 
Bearhop et al., 2004; Sweeting et al., 2005).  
Stable isotopes techniques can thus provide a means to identify the 
contributions of sewage into food webs, eventually even before increased nutrient 
availability leads to detectable changes in community structure (McClelland and 
Valiela, 1998). At the same time, it enables a rapid assessment of the origin of 
organic matter assimilated by animals and gives an overview of the energy flow 
through food webs with relatively limited sampling effort. Stable isotopes can help 
measure whether implemented management strategies actually work the way 
managers hope they should, and the study of their variation among individuals or 
species could be part of restoration attempts (Fry, 2006). However, the role of 
stable isotopes as a tool in long term ecosystem monitoring has not been fully 
addressed (Bannon and Roman, 2008). 
In this work, a series of independent descriptors were used in an integrated 
assessment of the responses to organic enrichment of the seafloor. The study 
included the analysis of sediment baseline descriptors, stable carbon and nitrogen 
isotopes in sediment and benthic species, benthic community species composition 
and abundance, and biotic indices. The assessment here conducted differs from 
the more conventional sediment quality triad concept (SQT, Long and Chapman, 
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1985) given that no sediment ecotoxicological component was included. It was 
instead replaced with a stable carbon and nitrogen isotope analysis for the 
sediment and benthic species, given their ability to identify the terrestrial versus 
marine origin of the organic matter and hence provide a direct measure of the 
spatial extent of the organic enrichment (Sweeney et al. 1980; Van Dover et al. 
1992). Borja et al. (2008a) did not include the SQT as an integrative tool in 
assessing ecological integrity since they consider that this methodology is focused 
in assessing chemical pollution. However, Chapman and Hollert (2006) pointed to 
the possibility of expanding the SQT concept by including other components that 
could strengthen the assessing power of this integrative tool. This could help 
directing SQT not only to focus at pollution assessment situations but also to a 
more ecosystem-based approach, given the use of the right components (see also 
Chapman, 2009).  
This study was conducted in a dispersive coastal shelf area, located off the 
Tagus estuary, Western Portugal, subject to multiple sources of organic 
enrichment, namely sewage discharge and estuarine outflow. Previous studies 
have shown no organic matter accumulation near the outfall discharge area or a 
relevant alteration of sediment properties and contaminants concentrations, with 
the exception of a proximate redox potential decrease when compared to the 
reference situation (Quintino et al., 2001), denoting the dispersive rather than 
accumulative characteristics of this coastal area. Although the outfall diffusers are 
located in an area of fine sand with less than 5% fines content, with increasing 
depth or towards the Tagus estuary this sediment gradually shifts to very fine sand 
with larger fines content and to mud with fines up to 80% of the total sediment 
(Freitas et al., 2006) creating a heterogeneous seabed seascape. It was tested the 
null hypothesis that with increasing distance from the outfall no significant 
differences exist among the various descriptors by means of permutation 
multivariate analysis of variance (Anderson, 2001a), using areas at increasing 
distance from the outfall as a fixed factor and sites nested in areas. Because no 
other anthropogenic point source emission exists in the area, this study 
interrogates biotic indices under a scenario for which their sensitivity/tolerance 
species classifications were initially developed, i.e. organic enrichment, and uses 
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an integrative physicochemical, biological and isotopic approach to provide a 
picture of the environmental disruption.  
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2. Objectives 
 Evaluate coastal organic enrichment through an integrated assessment 
using independent descriptors: baseline sediment descriptors, carbon and 
nitrogen stable isotope analysis, macrofauna community structure and 
biotic indices. 
 Identify patterns and alterations in the baseline sediment descriptors 
associated with the organic enrichment from a point source sea outfall 
discharge in a dispersive coastal shelf area. 
 Study the macrofauna community composition and structure and benthic 
species’s response to organic enrichment. 
 Trace organic sources of carbon and nitrogen in superficial sediments 
across a heterogeneous seabed seascape. 
 Trace organic sources of carbon and nitrogen assimilated by sediment 
dwelling macrofauna species representing various feeding guilds. 
 Identify indicator species or feeding guilds which can adequately portrait the 
organic enrichment pattern. 
 Compare the synthesis biotic indices performance in mild organic 
enrichment with the information provided by physicochemical, biological 
and isotopic descriptors.  
3. Study area 
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3. Study area 
The study area is located on the coastal shelf off Lisbon, Western Portugal, 
and encompasses a water depth range of 30 - 90 m. The area exhibits a 
sedimentary gradation, from fine sand to mud with silt and clay content ranging 
from below 5% to above 80% of total sediment dry weight (Freitas et al., 2006). 
Organic input sources to this coastal area include the Tagus estuary, an urban 
sewage marine outfall, and autochthon primary production. The sewage marine 
outfall consists of a double branch system disposing effluents in the final 400 m 
approximately between 2350 and 2750 m offshore at an average depth of 40 m. 
This marine outfall, serving a population around 800000, is the largest in Portugal 
with an average flow of 1.6 m 3 s -1 and is placed about 15 km west of the mouth of 
the Tagus, the largest river in the Iberian Peninsula. At the present, the system 
includes a preliminary treatment with screening and removal of grit and non-
degradable materials. Before released into the coastal area, the effluent passes 
through a series of sand retention and sieving systems, the last of which 
corresponds to a rotating drum equipped with a 5 mm sieve. This situation will 
soon be altered, with the introduction of a permanent enhanced primary treatment 
and ultraviolet disinfection. 
4. Methodology 
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4. Methodology 
4.1. Sampling 
A baseline characterization of the sediments in the study area prior to the 
operation of the outfall was undertaken in 1994 and is reported namely in Quintino 
et al. (2001) and Silva et al. (2004). All 20 sampling sites described in those 
studies were revisited in October 2007, when samples for the sediment analysis 
were also taken in extra 10 sites (21 to 30), one sample per site, positioned 
according to Fig. 1. Additionally, one sample per site was also collected for the 
macrobenthic analysis. The sediment baseline characterization included grain 
size, total volatile solids and on board measurement of redox potential. These 
samples were used to describe the overall seabed seascape in the study area and 
to assist the decision of where to take replicate samples for the subsequent 
sediment analysis including the isotopic composition. An additional 60 sediment 
samples were then taken, in 15 sites arranged in five areas placed at increasing 
distance from the outfall, three sites per area and four replicates per site (cf. Fig. 
1). Sediment grain size, total volatile solids, redox potential and carbon and 
nitrogen isotopes were determined in these 60 samples. Redox potential was 
measured on board with dedicated probes, before emptying the grab, at -4 cm 
from the sediment surface (Pearson and Stanley, 1979). The samples for the grain 
size analysis were kept at room temperature. For the isotopic analysis and the 
total volatile solids determination, sediment samples were collected from the upper 
5 cm layer. The remaining sediment was washed on board over a 2 mm-mesh 
sieve in order to collect representative species of the resident macrofauna 
community, also for the analysis of carbon and nitrogen isotopes. Samples for the 
study of the benthic community were collected in nine sites with the same 
sediment type, fine sand with low silt and clay content (Quintino et al., 2001; 
Freitas et al., 2006), arranged in the three areas located close to the outfall, three 
sampling sites per area with three replicates per site (cf. Fig. 1). All sediment 
samples were collected using a 0.1 m2 Smith - McIntyre grab. The sediment and 
macrofauna samples for isotope analysis were stored in separate Whirl-Pak bags 
and frozen on board at -20 ºC. Samples for the macrobenthic analysis were 
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washed on board over a 1 mm-mesh sieve and the residue was preserved in 4% 
formalin, neutralized with Borax and stained with Rose Bengal. 
 
Figure 1. Study area showing the positioning of the double branch marine outfall and the 
30 sampling sites, indicating the five areas (A1 to A5) and the 15 sites (coloured points), 
at which replicate samples were taken. A1 = sites 3, 4 and 5; A2 = sites 6, 8 and 10; A3 = 
sites 18, 23 and 27; A4 = sites 15, 16 and 20; A5 = sites 19, 25 and 28. 
4.2. Laboratory analysis 
4.2.1. Sediment  
4.2.1.1 Grain size, total volatile solids and redox potential 
Sediment grain size was analysed by wet and dry sieving, following the 
procedure described in Quintino et al. (1989). The silt and clay fraction (fine  
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particles, with diameter below 0.063 mm) and the gravel fraction (particles with 
diameter above 2.000 mm), were expressed as a percentage of the total sediment, 
dry weight. The sand fraction (0.063 - 2.000 mm) was dry sieved through a battery 
of sieves spaced at 1 phi () unit interval ( = -log2 the particle diameter in mm). 
Total volatile solids were determined on 1 g of sediment sample, dried at 60 ºC, by 
loss on ignition at 450 ºC during five hours (Byers et al., 1978). Redox potential 
values obtained in the field were corrected according to the superficial sediment 
temperature. 
4.2.1.2. Carbon and nitrogen stable isotopes analysis in the sediment 
Isotopic analysis followed a modification of the procedures described in Teece 
and Fogel (2004) and Carabel et al. (2006). The sediment samples were dried at 
60 ºC to constant weight, and ground to fine powder with a grinding mill, for 
approximately 5 min, to ensure homogenization. The ground sediments were 
treated for carbonate removal by acidifying sub-samples of 0.15 g with drop-by-
drop addition of 1 M HCl (Ryba and Burgess, 2002). The cessation of bubbling 
was used as a criterion to determine the amount of acid to add (Jacob et al., 2005; 
Carabel et al., 2006). Acidified samples were agitated for 1h using an ultrasonic 
cleaner containing Milli-Q water to facilitate the acid digestion and were left in the 
acid solution to settle for another 2h. Subsequently they were rinsed three times 
with Milli-Q water for 1h to eliminate acid remains. All samples were re-dried at 60 
ºC to constant weight, ground and stored in glass vials to be analysed.  
The isotopic compositions (13C and 15N) were measured on sediment 
samples weighted up to 20 mg with a stable isotope ratio mass spectrometer 
(IsoPrime, GV Instruments, Manchester, UK), operating in continuous-flow method 
coupled to an elemental analyzer EuroEA (Eurovector, It). Isotopic ratios for 
carbon and nitrogen were calculated using the standard  notation: 
X = ((Rsample / RStandard) - 1) x 1000 (‰) 
Where X = 13C (carbon) or 15N (nitrogen) and R = 13C / 12C for carbon and 15N / 
14N for nitrogen. The standard for carbon was Vienna Pee Dee Belemnite (VPDB, 
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13C = 0‰) and for nitrogen was atmospheric air (15N = 0‰). The analytical 
precision for the measurement was 0.2‰ for both 13C and 15N. 
4.2.2. Fauna 
4.2.2.1. Macroinvertebrates 
The macrobenthic samples were washed over a 0.5 mm-mesh sieve in the 
laboratory under running water. Specimens were sorted into major taxonomic 
groups: Annelids, Molluscs, Crustaceans, Equinoderms and others, and preserved 
in 70% ethanol. Identifications were made to the highest possible taxonomic 
group, using a dissecting microscope and, in some cases, with the help of an 
optical microscope. The number of specimens per species was counted, per 
individual grab sample. 
4.2.2.2. Carbon and nitrogen stable isotopes analysis in the fauna 
After bringing to room temperature, the Macrobenthic samples for the analysis 
of stable isotopes were sorted, identified to the highest possible taxonomic group 
and immediately frozen until preparation for isotopic analysis. Isotopic analysis 
followed a modification of the procedures described in Carabel et al. (2006) and 
Teece and Fogel (2004). Molluscs were removed from their shells and muscle 
tissue from the foot was dissected for analysis. Whole organisms were used for 
Crustacean and Polychaete analysis, following gut removal. All samples were 
rinsed with Mili-Q water, dried at 60 ºC and homogenized using a mortar and 
pestle. In order to minimize lipids influence on 13C (Bodin et al., 2007) the ground 
samples were immersed in a chloroform - methanol (2:1) solution to remove lipids 
(Teece and Fogel, 2004). The use of the lipid-normalization model proposed by 
Post et al. (2007) for aquatic animals was discouraged by tests on a few of our 
animal samples, and recently Mintenbeck et al. (2008) also stated that the overall 
accuracy of this model was low. The Crustacean samples were also acidified to 
remove carbonates, following the same procedure used for sediment samples and 
using the same acid concentration, as recommended by Kennedy et al. (2005).  
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Within a given sample, individuals from the same species were pooled to 
ensure that sample mass was sufficient to enable isotope analysis. In all sampling 
sites, except site 22, at least one species was analysed for the stable isotopes. 
However, given the wide range of environmental conditions comprehended by the 
30 sites, no single species could be found at all the sites. Additionally, specimens 
representing the feeding groups depositivores, carnivores and scavengers were 
pooled and homogenized, with each species contributing with a dry weight of 0.5 - 
1 mg to the final sample mass. The isotopic compositions (13C and 15N) were 
measured on animal samples to a final dry weight up to 3 mg using the mass 
spectrometer described previously.  
4.3. Data analysis 
4.3.1. Sediment descriptors 
For each sample, the amount of sediment in each grain size class (> 2 mm; 1 - 
2; 0.5 - 1; 0.25 - 0.5; 0.125 - 0.25; 0.063 - 0.125; < 0.063 mm) was expressed as a 
percentage of the whole sediment, dry weight. The data were used to calculate the 
median value, P50, expressed in phi () units, corresponding to the diameter that 
has half the grains (dry weight) finer and half coarser. Given that no detailed grain 
size analysis was performed for the fines fraction (particles with diameter below 63 
μm), the median could not be calculated for the samples with more than 50% fines 
content. These sediment samples were classified as mud. Sands (sediments with 
less than 50% fines) were classified using the median, and according to the 
Wentworth scale (Doeglas, 1968): very fine sand (median between 3 – 4 ); fine 
sand (2 - 3 ); medium sand (1 - 2 ) or coarse sand (0 - 1 ). The final 
classification adopted the description ‘clean’, ‘silty’ or ‘very silty’, when fines were 
ranging from 0% to 5%, from 5% to 25%, and from 25% to 50%, respectively, of 
the total sediment, dry weight (Quintino et al., 1989). 
The sediment baseline data per each of the 30 sites, one sample per site, used 
to characterize the study area include the variables: gravel, sand, fines, median, 
total volatile solids and redox potential. These data were analyzed by classification 
and ordination analysis using the software PRIMER v6 (Clarke and Gorley, 2006). 
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The normalized Euclidean distance was used to produce a resemblance matrix 
submitted to classification analysis using the average-clustering algorithm and to 
ordination analysis using non-metric multidimensional scaling (NMDS). The NMDS 
diagrams are accompanied by a stress value which quantifies the mismatch 
between the distances among data points in the Euclidean distance matrix and in 
the ordination diagram. Ordination diagrams with stress value below 0.10 are 
considered to represent very accurately the original distance matrix (Clarke and 
Warwick, 2001). 
 The sediment data from the 15 sites, four replicates per site, organized in five 
areas were used to produce a matrix analysed according to a two-way hierarchical 
design, with sites nested in areas and these as the main, fixed factor using 
permutation multivariate analysis of variance (Anderson, 2001a), employing the 
PERMANOVA+ add-on in PRIMER v6 (Anderson et al., 2008). This method allows 
partitioning the variability from a resemblance matrix, in this case produced using 
non-normalised Euclidean distance, and test individual terms using permutations 
(Anderson and ter Braak, 2003). A permutation test calculates the probability of 
getting a value equal to or more extreme than an observed value of a test statistic 
under a specified null hypothesis by recalculating the test statistic after random re-
orderings of the data (Anderson, 2001b). The two-way nested design was used to 
test the null hypothesis of no significant differences between the areas, separately 
for the grain size, the total volatile solids, the redox potential and the carbon and 
nitrogen isotopic composition data in the sediment. The number of permutations 
was set to 9999. Because the five areas comprehend a range of sediment types, 
the test for differences between areas also included total volatile solids or fines 
content as a covariable. When using a covariable, a type I sums of squares was 
always used, allowing fitting first the covariable. Significant terms were 
investigated using a posteriori pairwise comparisons between the five areas with 
the PERMANOVA t statistic and permutations under a reduced model (Anderson 
et al., 2008).  
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4.3.2. Macrofauna community and isotope descriptors 
Macrofauna community descriptors include the study of species composition 
and abundance per sample. The isotope composition analyses were performed in 
a total of thirteen macrofauna species and also in a homogenised biological 
material composed of up to 10 pooled species (Bivalves: Abra alba, Tellina 
compressa, Tellina fabula; Gastropods: Nassarius reticulatus; Polychaetes: 
Diopatra marocensis, Glycera sp., Hyalinoecia bilineata, Lumbrineris gracilis, 
Nephtys sp. and Pectinaria (Lagis) koreni). The spatial patterns in the data are 
shown for six of these, representing the major taxonomic groups and different 
feeding strategies: the Mollusc Bivalve Abra alba, a deposit and suspension feeder 
(Grémare et al., 1991); the Mollusc Gastropod Nassarius reticulatus, a predator 
and scavenger feeder (Britton and Morton, 1994); the Crustacean Amphipod 
Ampelisca sp., a suspension and detritus feeder (Lincoln, 1979); and the Annelid 
Polychaetes, Glycera sp., a carnivorous and detritus feeder (Fauchald and 
Jumars, 1979), Nephtys sp., a carnivorous and omnivorous feeder (Fauchald and 
Jumars, 1979) and Pectinaria (Lagis) koreni, a selective deposit feeder (Dobbs 
and Scholly, 1986). 
The trophic position of each species was evaluated on the basis of their 15N 
values, according to the model: trophic positionconsumer = trophic positionbase + 
(15Nconsumer - 15Nbase) / trophic fractionation (Post, 2002). Two isotopic baseline 
values (15Nbase) were used to obtain each species trophic position per site and the 
compiled information was used to produce a mean trophic level for each species. 
The two baseline isotopic descriptors were the Bivalve Abra alba (primary 
consumer level) and the Polychaete Nephtys sp. (secondary consumer level). 
Abra alba was assigned a trophic position of 2.0 according to the calculation using 
sediment 15N values as the isotopic baseline, but the baseline trophic position of 
Nephtys sp. was obtained using the information gathered with Abra alba as the 
isotopic baseline. An average trophic fractionation value of 3.4‰ was used as the 
mean trophic 15N-enrichment per trophic level as suggested by Post (2002). Based 
on the calculated species mean trophic positions and on literature records, species 
were assigned feeding guilds: suspensivores/detritivores (mean trophic position < 
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1.5); depositivores (1.5 < mean trophic position < 2.5), carnivores/omnivores (2.5 < 
mean trophic position < 3.0) and scavengers (mean trophic position > 3.0). The 
isotopic values of the species assigned to each guild were used to calculate the 
mean isotopic values per guild and per site. These were used to produce a data 
matrix, in which each guild was present in as many sites as possible thus 
minimizing the fact that no single species could be found in all sampling sites. The 
suspensivores/detritivores were not included in this analysis, because this was the 
only guild composed of a single species (Ampelisca sp.), also absent from many 
sites. With this strategy, all but nine sites that had missing information for at least 
one trophic guild (sites 1, 13, 14, 18, 19, 21, 22, 24 and 30) were used in the final 
data analysis.  
The macrofauna community and the isotope data per each of the nine sites, 
three replicates per site, used to characterize the fine sand study area include the 
variables: benthic community species abundance, carbon and nitrogen isotope 
composition values in Abra alba, Nephtys sp., and pooled fauna. These data were 
analyzed by classification analysis using the average-clustering algorithm and 
ordination analysis using non-metric multidimensional scaling (NMDS). The 
resemblance matrices between samples were obtained with the normalised 
Euclidean distance (isotopes data) or the Bray-Curtis similarity (benthic community 
species data), following square-root transformation.  
The data from the nine sites, three replicates per site, representing the areas 
A1 to A3 (cf. Fig. 1), were also analysed according to a two-way hierarchical 
design, with sites nested in areas and these as the main, fixed factor, using 
permutation multivariate analysis of variance (Anderson, 2001a). The resemblance 
matrices between samples were obtained with the non-normalised Euclidean 
distance (isotopes data) or the Bray-Curtis similarity (benthic community species 
data), following square-root transformation. The null hypothesis of no significant 
differences between the areas was tested for the biological carbon and nitrogen 
isotopic composition data and the benthic community species abundance. When 
the main test was found statistically significant (p < 0.05), a posteriori pairwise 
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comparisons, between the three areas, were performed with the PERMANOVA t 
statistic and permutations under a reduced model (Anderson et al., 2008).  
4.3.3. Biotic indices 
A number of synthesis biotic indices were calculated per sample: species 
richness; abundance; Shannon diversity (Shannon and Weaver, 1949); Pielou 
evenness (Pielou, 1966); Margalef richness (Margalef, 1968); Hurlbert rarefaction 
(Hurlbert, 1971); Simpson index (as 1 - Simpson dominance index; Simpson, 
1949); AMBI (Borja et al., 2000) and M-AMBI (Muxika et al., 2007).  
AMBI is given by the expression: (0 x EGI + 1.5 x EGII + 3 x EGIII + 4.5 x EGIV + 
6 x EGV) / 100, where EG is the relative abundance of species classified according 
to ecological groups, which represent their sensitivity to increasing organic stress 
(Grall and Glémarec, 1997): EGI comprises very sensitive species, EGII indifferent 
species, EGIII tolerant species, EGIV second-order opportunists and EGV first-order 
opportunists. Species are assigned to ecological groups when calculating AMBI, 
using the available free software (AMBI v4.1, http:/www.azti.es).  
M-AMBI was calculated with the same software and combines the AMBI index, 
the Shannon diversity and species richness (Muxika et al., 2007). M-AMBI was 
calculated using the default set up, considering for ‘Bad’ status values of AMBI, 
Shannon diversity and species richness of respectively 6.0, 0.0 and 0.0, and for 
‘High’ status the lowest AMBI value and the highest Shannon diversity and species 
richness values from the dataset. M-AMBI is obtained in the interval from 0 to 1 
and the associated ecological quality statement considered the default boundaries: 
Poor / Bad = 0.22; Moderate / Poor = 0.39; Good / Moderate = 0.55 and High / 
Good = 0.85.  
The data from the nine sites representing the areas A1 to A3 (cf. Fig. 1), were 
also analysed according to the same hierarchical design previously described, 
under the null hypothesis of no significant differences between the areas, using 
PERMANOVA+ (Anderson et al., 2008).  
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5. Results  
5.1. Sediment descriptors 
The distribution of the sediment types according to the median and fines content is 
shown in Fig. 2. With the exception of site 21, coarse sand, and site 13, medium 
sand, the others correspond to finer sediments. With increasing depth and towards 
the estuary, sediments become finer and with higher fines content, ranging from 
fine sand with less than 5% fines in sites surrounding the outfall, to mud with up to 
80% fines content, in the sites located deeper or closer to the estuary.  
 
Figure 2. Distribution of the sediment types in the study area, according to the median 
and the fines content. 
The carbon and nitrogen isotope composition values in the superficial 
sediments are given in Table 1 and their distribution in the study sites is 
represented in Fig. 3. Carbon isotopic values are much depleted near the outfall 
branches (13C < -23.5‰, Fig. 3, Table 1). A spatial pattern is established across 
the shelf-estuary axis (NW - SE), with a depletion towards the estuary, locally 
interrupted by the higher carbon depletion near the outfall branches. The nitrogen 
isotope composition values are also much depleted near the outfall branches (15N 
< +2.6‰, Fig. 3, Table 1). An overall enrichment is noticed as we move away from  
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Figure 3. Carbon and nitrogen isotope composition values in the superficial sediments at 
the 30 study sites. 
the outfall (15N > +3.4‰, Fig. 3, Table 1), with the exception being sites 21 and 
22 with depleted isotope composition values. 
The results obtained from the classification and the ordination analysis of the 
baseline sediment data are displayed in Fig. 4, which also shows the distribution of 
the identified sedimentary affinity groups in the study area. The mean values for 
the sediment grain size, median, total volatile solids and redox potential, relative to 
the identified affinity groups, are given in Table 2. The distribution of the samples  
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Table 1. Carbon and nitrogen isotope composition values for the superficial sediment in 
the study area (no replication). 
Site 13C 15N Site 13C 15N
1 -22.9 2.8 16 -23.2 4.4 
2 -24.6 2.5 17 -23.3 1.8 
3 -24.6 2.8 18 -22.7 1.9 
4 -24.0 2.5 19 -23.3 4.8 
5 -23.3 2.0 20 -22.7 4.7 
6 -22.8 3.6 21 -22.9 1.1 
7 -23.1 2.6 22 -22.5 1.5 
8 -23.6 2.8 23 -22.7 3.3 
9 -22.7 3.5 24 -22.5 3.6 
10 -23.9 2.4 25 -23.3 5.0 
11 -22.4 1.5 26 -23.3 3.9 
12 -22.1 2.7 27 -23.2 3.3 
13 -19.5 2.7 28 -23.4 4.7 
14 -22.3 2.9 29 -23.5 4.7 
15 -23.6 4.1 30 -22.9 4.9 
in the ordination diagram defines a sediment succession, from coarse sand to 
mud. Coarser sediments with the highest redox potential values were observed in 
sites 21 and 13, classified respectively as coarse and medium sand, both with 
fines content below 1% (cf. Table 2). Site 12 and the sites in group A and in group 
B correspond to fine sand with fines content below or close to 5%. The difference 
between these groups is related to the redox potential (cf. Table 2). Very fine sand 
characterizes the sites in group C and site 22, the later with higher fines content. 
Group D includes all the sampling sites classified as mud, with the highest values 
for fines content (> 70%), total volatile solids and the median. The spatial 
distribution of the sedimentary affinity groups (cf. Fig. 4) is in close agreement with 
the distribution of the sediment types based in the median value alone (cf. Fig. 2). 
Along the axis site 21  13  12  group A  B  C  site 22  group D, the 
superficial sediments show a gradual increase in the median value, the fines 
content and the total volatile solids content, with decreasing values of redox 
potential. Group A, although correctly positioned along this gradient, both 
geographically and in terms of the sediment grain size and total volatile solids,  
presents much lower redox potential than the neighboring groups. This is also 
seen in Fig. 5, representing the relationship between total volatile solids and fines 
content, and between redox potential and total volatile solids. The relationship 
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Figure 4. Sedimentary affinity groups, shown in the a) classification diagram, b) NMDS 
ordination and c) study area. 
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 Table 2. Mean values for the sedimentary affinity groups identified by classification and 
ordination analysis, represented in Figure 4. The affinity groups are presented in order of 
increasing mean fines content. Eh - redox potential; TVS - total volatile solids. Group A = 
sites 2, 3, 4 and 5. Group B = sites 1, 6 to 11, 14, 17, 23, 24 and 27. Group C = sites 15, 
16, 18, 20, 26 and 30. Group D = sites 19, 25, 28 and 29. 
Affinity group Gravel (%) Sand (%) Fines (%) Median (Ф) Eh (mV) TVS (%) 
Site 21 7.1 92.3 0.4 0.4 338 1.2 
Site 13 0.3 99.1 0.5 1.1 313 1.3 
Site 12 0.1 96.6 3.2 2.5 212 1.3 
Group A 0.3 96.1 3.6 2.6 -121.9 1.3 
Group B 0.2 94.6 5.1 2.7 52.1 1.4 
Group C 0.4 84.8 14.8 3.1 49.8 2.1 
Site 22 0.3 64.9 34.8 3.7 42 2.6 
Group D 0.2 27.5 72.3 >4.0 21.6 5.0 
between total volatile solids and fines content is strongly linear and direct. The 
relationship between redox potential and total volatile solids was also clear, 
although inverse, with the data obtained before the operation of the outfall (cf. Fig. 
5 and Quintino et al., 2001). As shown in Fig. 5, present day samples, in particular 
the sandy sediments surrounding the outfall, show fines and total volatile solids 
with similar values to the pre-discharge moment, but much lower, even negative, 
redox potential values. 
The sedimentary affinity groups shown in Fig. 4 were used to assist the set-up 
of relatively homogeneous areas placed at increasing distance from the outfall, 
where sediment samples were taken for the detailed study of the carbon and 
nitrogen isotopic compositions. These areas are named A1 to A5 and are shown in 
Fig. 1. Area A1 comprises sites 3, 4 and 5, all included in the affinity group A. Area 
A2 comprises sites 6, 8 and 10, all included in the affinity group B. Area A3 
corresponds to sites 18, 23 and 27, from which site 18 is included in affinity group 
C and sites 23 and 27 in the affinity group B. Area A4 comprises sites 15, 16 and 
20, all included in the affinity group C. Area A5 includes sites 19, 25 and 28, all 
from affinity group D. 
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Figure 5. Relationship between the sediment total volatile solids and fines content (top) 
and between the sediment redox potential and total volatile solids (bottom), the latter 
including values from the pre-discharge period (1994), taken from Quintino et al. (2001). 
In the bottom graph, the sites comprising group A from Figure 4 are encircled by a dashed 
orange line. 
At each of the 15 sites placed in the areas A1 to A5, four replicate sediment 
samples were taken for the analysis of carbon and nitrogen isotopes, grain size, 
total volatile solids and redox potential. The mean values of each sediment 
descriptor in the five areas are given in Table 3 and show that these areas cross 
the full range of the sediment types in the study area. As expected, all baseline 
sediment variables rejected the null hypothesis of no significant difference among 
the areas. The PERMANOVA main test results show high to very high significant 
differences among areas, over and above significant differences among sites 
within areas (p < 0.01 or p < 0.001), for grain size, total volatile solids and redox 
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potential (Table 4). The gradual grain size modification from area A1 to A5 is 
indicated in the results of the pairwise comparisons, given in Table 5, by an  
Table 3. Sediment descriptors per area (A1 to A5, mean ± standard deviation; n = 12). Eh 
- redox potential; TVS - total volatile solids; 15N - nitrogen stable isotope; 13C - carbon 
stable isotope. 
 Areas (sites) 
Descriptors A1 (3, 4, 5) A2 (6, 8, 10) A3 (18, 23, 27) A4 (15, 16, 20) A5 (19, 25, 28) 
1 - 2 mm (%) 2.2 ± 0.79 1.6 ± 0.58 0.7 ± 0.34 0.9 ± 0.96 0.1 ± 0.03 
0.5 - 1 mm (%) 4.2 ± 1.20 3.8 ± 1.28 1.8 ± 0.98 0.8 ± 0.52 0.2 ± 0.07 
0.25 - 0.5 mm (%) 7.4 ± 2.30 7.9 ± 3.47 4.0 ± 1.78 1.8 ± 1.69 0.4 ± 0.33 
0.125 - 0.25 mm (%) 61.3 ± 5.26 58.6 ± 4.27 56.5 ± 5.37 40.4 ± 10.52 4.6 ± 4.24 
0.063 - 0.125 mm (%) 21.8 ± 3.46 24.3 ± 6.25 31.3 ± 5.35 38.8 ± 9.35 18.9 ± 3.94 
Fines (%) 3.0 ± 0.60 3.7 ± 1.99 5.8 ± 2.67 17.2 ± 3.65 75.8 ± 6.72 
Median () 2.6 ± 0.04 2.6 ± 0.12 2.8 ± 0.13 3.2 ± 0.16 > 4.0 
Eh (mV) -115.3 ± 37.96 45.6 ± 64.93 58.7 ± 42.44 48.3 ± 31.72 2.8 ± 29.09 
TVS (%) 1.6 ± 0.20 1.5 ± 0.23 1.9 ± 0.32 3.1 ± 0.39 6.2 ± 0.29 
15N (‰) 2.4 ± 0.93 2.7 ± 0.74 2.8 ± 0.97 4.1 ± 1.10 4.6 ± 1.57 
13C (‰) -24.2 ± 0.38 -23.4 ± 0.55 -22.9 ± 0.43 -23.2 ± 0.40 -23.4 ± 0.42 
absence of significant differences between adjacent areas, with increasing values 
of the t-statistic as the pairwise comparisons are made between areas located 
further apart from each other (cf. Table 5, column A). A similar situation is shown 
by total volatile solids, confirming the close relationship between this variable and 
fines (cf. Table 5, columns A and B and Fig. 5). A discontinuity in the sedimentary 
seascape is seen from areas A4 to A5, indicated by the significant p-value in the 
comparison of the two areas (cf. Table 5, columns A and B), and corresponds to a 
sediment change from very fine sand with approximately 17% fines and 3% total 
volatile solids content, to mud with over 75% fines and 6% total volatile solids 
content (cf. Table 3). Grain size and total volatile solids indicate no significant 
difference between areas A1, A2 and A3, the closer to the outfall. A different  
 
Table 4. PERMANOVA results for the main tests. df - degrees of freedom; SS - sums of 
squares; MS - mean square; p - significance level obtained under permutation (ns = non 
significant). 
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Tests df SS MS Pseudo-F p 
Grain size 
Areas 4 77013 19253 55.088 0.0002 
Sites (Areas) 10 3495 349.5 8.4979 0.0001 
Residuals 45 1850.8 41.128   
Total 59 82359    
Total volatile solids 
Areas 4 188.55 47.138 243.77 0.0001 
Sites (Areas) 10 1.9337 0.1934 3.1256 0.0034 
Residuals 45 2.784 0.0619   
Total 59 193.27    
Total volatile solids with fines content as a covariable 
Covariable 1 184.56 184.56 1236.7 0.0001 
Areas 4 4.8342 1.2085 8.5053 0.0028 
Sites (Areas) 10 1.3778 0.1378 2.4285 0.0217 
Residuals 44 2.4964 0.0567   
Total 59 193.27    
Redox potential 
Areas 4 250050 62512 11.126 0.0058 
Sites (Areas) 10 56183 5618.2 5.4687 0.0001 
Residuals 45 46231 1027.4   
Total 59 352460    
Redox potential with total volatile solids as a covariable 
Covariable 1 2549.6 2549.6 0.4616 0.5231 (ns) 
Areas 4 249540 62386 12.567 0.0012 
Sites (Areas) 10 54354 5435.4 5.1974 0.0003 
Residuals 44 46015 1045.8   
Total 59 352460    
Nitrogen stable isotope 
Areas 4 42.16 10.54 7.63 0.0057 
Sites (Areas) 10 13.814 1.3814 1.1877 0.3244 (ns) 
Residuals 45 52.341 1.1631   
Total 59 108.31    
Nitrogen stable isotope with fines as a covariable 
Covariable 1 28.844 28.844 19.881 0.0006 
Areas 4 13.737 3.4343 2.5022 0.1112 (ns) 
Sites (Areas) 10 13.44 1.344 1.1308 0.3527 (ns) 
Residuals 44 52.294 1.1885   
Total 59 108.31    
Carbon stable isotope 
Areas 4 10.892 2.7231 10.107 0.0031 
Sites (Areas) 10 2.6943 0.2694 1.526 0.1569 (ns) 
Residuals 45 7.9453 0.1766   
Total 59 21.532    
 
Table 5. Values for the t-statistic in the pairwise comparisons between areas (A1 to A5) 
for the analysis of A) Grain size; B) Total volatile solids; C) Redox potential; D) Total 
volatile solids with fines as a covariable; E) Redox potential with total volatile solids as a 
covariable; F) nitrogen stable isotope; G) carbon stable isotope (significance values: * p < 
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0.05; ** p < 0.01; *** p < 0.001). 
 A B C D E F G 
A1 vs. A2 0.6035 0.2638 3.7167* 0.1924 3.9961* 0.9815 2.8341* 
A1 vs. A3 1.8354 1.2409 7.9361** 0.2422 6.1139** 0.6636 7.1047** 
A1 vs. A4 3.7936* 10.444*** 8.5241*** 1.6382 3.2684** 5.8019** 6.9970** 
A1 vs. A5 13.838*** 30.07*** 6.6131** 3.1046* 0.5613 5.1820** 4.7624** 
A2 vs. A3 1.2394 1.4195 0.3012 0.9327 0.0921 0.0968 1.5269 
A2 vs. A4 3.1806* 10.44*** 0.0653 2.3362 1.0425 3.8685* 0.6968 
A2 vs. A5 12.436*** 29.582*** 1.0291 3.1809* 1.3066 3.9785* 0.0010 
A3 vs. A4 2.4448 6.1654** 0.5289 1.734 0.1840 2.2190 2.0902 
A3 vs. A5 12.135*** 20.561*** 3.0628* 1.9738 0.0776 2.6994* 2.8074* 
A4 vs. A5 8.0646*** 21.151*** 3.0656* 2.7124 0.9517 1.0907 1.6076 
conclusion is reached when analysing redox potential, for which area A1 is 
significantly different from all other areas (cf. Table 5, column C). Although there is 
a potential linear relationship between total volatile solids and redox potential (cf. 
Fig. 5, for the pre-operation period), the introduction of total volatile solids as a 
covariable in the analysis of the redox potential had no effect on the main results, 
as shown in Table 4, and only a little effect on the pairwise comparisons between 
areas, with area A1 being still significantly different from most of the others (cf. 
Table 5, columns C and E). This result reinforces the negative redox potential 
values observed in area A1 when compared to the remaining areas (cf. Table 3). 
On the contrary, the total volatile solids significant differences between the areas 
are almost all eliminated when fines content are introduced as a covariable in the 
model (cf. Table 4 and Table 5, column D). 
Similar to the main test results for the baseline sediment variables, the nitrogen 
and carbon isotope composition values main test results also show high significant 
differences (p < 0.01) among the areas, but with no significant differences among 
sites within the areas (cf. Table 4). The pairwise comparisons between areas for 
the carbon isotope composition values show a clear distinction between area A1 
and all the others (cf. Table 5, column G), area A1 having more depleted 13C 
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values (cf. Table 3). No distinction between areas A2 to A5 was detected for the 
carbon isotope composition values, excepting for a significant difference (p < 0.05) 
between areas A3 and A5 (cf. Table 5, column G) due to more enriched 13C 
values in area A3 (cf. Table 3). The pairwise comparisons between areas for the 
nitrogen isotope composition values isolate a group comprising areas A1, A2 and 
A3 (cf. Table 5, column F), in which the overall mean value for 15N is +2.7‰, 
more depleted than in area A4 (+4.1‰) or in area A5 (+4.6‰). This indicates that 
the two isotopes isolate different areas surrounding the outfall where they show 
the most depleted values, up to 250 m distance from the diffusers for carbon and 
up to 1.5 km for nitrogen. 
No obvious relationship exists between the pairwise results observed for the 
carbon isotope composition values and the baseline sedimentary descriptors. Note 
namely that areas A2 to A5, for which no significant differences were found in the 
carbon isotope composition values, cover the full range of sediment types existing 
in the study area, from clean fine sand (area A2) to mud (area A5). No such 
conclusion can be reached for the nitrogen isotope composition values, because 
the similarity among areas A1 to A3 and their distinction from the other areas, 
closely resembles the superficial sediments, with areas A1 to A3 corresponding to 
fine sand with mean fines content ranging from 3% to 6%, area A4 corresponding 
to very fine sand with 17% mean fines content and area A5 to mud with over 70% 
mean fines content (cf. Table 3). This perceived relationship between the sediment 
nitrogen stable isotope composition and grain size is confirmed by introducing 
fines as a covariable in the analysis of the nitrogen data. Fines eliminate the 
significance of the main factor (areas), as shown in the PERMANOVA main results 
table (cf. Table 4).  
 
5.2. Biological descriptors 
In the 30 study sites, a total of 233 taxa were identified with an overall 
abundance of 17308 specimens. Table 6 presents the species richness and 
abundance among the major taxonomic groups. Annelids are the most 
represented taxonomic group both in species richness (50.2%) and abundance 
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(74.3%), followed by Arthropoda and Mollusca. Barely 17% of all taxa are present 
in at least half the study sites (Table 7) and only 21 species had abundance higher 
than 1% of the total. Among those species, the Polychaete Prionospio fallax was 
present in great number (2620 specimens) and contributed over 15% to the total 
abundance, while 16 other Polychaetes species contributed with 1 - 5% (Table 8). 
Among other phyla, only the Bivalves, Abra alba and Tellina fabula, the Amphipod, 
Ampelisca sp., and the Nemertina contributed more than 1% to the total 
abundance (3 - 3.5%, cf. Table 8).  
Table 6. Species richness and abundance among the major taxonomic groups in the 
study area (30 study sites with no replication, 0.1 m2 per site). 
Site S % A % 
ANNELIDA 117 50.2 12852 74.3 
ARTHROPODA 52 22.3 1270 7.3 
MOLLUSCA 42 18.0 2037 11.8 
ECHINODERMATA 10 4.3 234 1.4 
OTHER PHYLA 12 5.2 915 5.3 
TOTAL 233 100.0 17308 100.0 
Species richness, abundance and other biotic indices for the 30 study sites are 
presented in Table 9 and their spatial distribution is shown in Fig. 6. Species 
richness is low close to the outfall and in sites with high fines content or medium 
sand (site 13, cf. Fig. 6), while increases with distance from the outfall and towards 
the estuary across sediments of fine to very fine sand with 5 - 25% fines content. 
Abundance shows one of the highest values in one site located between the outfall 
branches (site 2, cf. Fig. 6) but also in coarse sand (site 21, cf. Fig. 6). Shannon 
diversity index spatial pattern is very similar to other diversity indices 
indicated in Table 9, namely Margalef’s and Simpson’s indices. Some of the 
lowest values of species diversity were found in site 2, located between the outfall 
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Table 7. Macrobenthic species present in at least 50% of the sites. P - number of 
presences in the 30 sites.  
P ANNELIDA   
30 Spiophanes bombyx 17 Glycera convoluta 
29 Prionospio fallax 16 Caulleriella alata 
28 Pectinaria (Lagis) koreni 16 Pectinaria (Amphictene) auricoma 
27 Chaetozone sp. 15 Diplocirrus glaucus 
26 Eumida bahusiensis 15 Phyllodoce longipes 
26 Owenia fusiformis P ARTHROPODA 
26 Spiochaetopterus solitarius 27 Ampelisca sp. 
25 Mediomastus fragilis 21 Ampelisca brevicornis 
25 Nephtys hombergii 21 Bodotria scorpioides 
25 Spio decoratus 21 COPEPODA 
24 Magelona alleni 19 Diastylis bradyi 
24 Spiophanes kroyeri P MOLLUSCA 
22 Lumbrineris gracilis 25 Abra alba 
22 Magelona filiformis 22 Nassarius reticulatus 
22 Prionospio (Prionospio) steenstrupi 21 Nucula nitidosa 
21 Ampharete finmarchica 19 Phaxas pellucidus 
20 Diopatra marocencis 17 Spisula subtruncata 
20 Hyalinoecia bilineata 17 Tellimya  ferruginosa 
20 Magelona johnstoni 16 Tellina compressa 
19 Sabellaria spinulosa 16 Tellina fabula 
19 Phyllodoce rosea P ECHINODERMATA 
19 Aricidea sp. 19 Echinocardium cordatum 
18 Exogone (Parexogone) hebes 15 Ophiura sp. 
18 Goniada maculata P OTHER PHYLA 
18 Notomastus latericeus 30 NEMERTINA 
17 Aricidea cf. simonae 21 PHORONIDA 
17 Capitella sp.   
branches (H’ = 3.1; d = 7.4; 1-’ = 0.7, cf. Table 9, Fig. 6). This site also presents 
the lowest AMBI (4.0), M-AMBI (0.5), evenness (J’ = 0.5) and rarefaction (ES(50) = 
13.1) values. M-AMBI was also low in site 13, characterized by medium sands. 
Margalef richness was small (d < 8.1) in other sites close to the outfall branches 
(sites 1, 4 and 5) and, particularly in site 13, but also in site 19 and site 25, 
characterized by muddy sediments, with low species richness (cf. Fig. 6). Biotic 
indices highest values were found in site 30, the closest to the estuary, and in site 
22, offshore, farthest away from the outfall (cf. Fig. 6). Even though biotic indices 
values in site 2 show the outfall influence clearer than adjacent sites, the 
macrobenthic species spatial distribution patterns reveal that this influence  
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Table 8. Macrobenthic species with more than 1% of the total abundance (A).  
 A %
Prionospio fallax 2620 15.1
Mediomastus fragilis 923 5.3
Magelona johnstoni 908 5.2
Magelona filiformis 750 4.3
Lumbrineris gracilis 698 4.0
Euclymene oerstedi 629 3.6
Ampelisca sp. 613 3.5
NEMERTINA 611 3.5
Capitella sp. 608 3.5
Abra alba 561 3.2
Tellina fabula 515 3.0
Chaetozone sp. 479 2.8
Spio decoratus 465 2.7
Pectinaria (Lagis) koreni 432 2.5
Spiophanes bombyx 336 1.9
Hyalinoecia bilineata 276 1.6
Praxillura sp. 266 1.5
Sabellaria spinulosa 221 1.3
Prionospio (Prionospio) steenstrupi 214 1.2
Ampharete finmarchica 196 1.1
Diopatra marocensis 193 1.1
TOTAL 12514 72.3
Table 9. Benthic macrofauna biological descriptors in the 30 study sites. S - species 
richness; A - abundance; H’ - Shannon diversity; J’ - Pielou evenness; ES(50) - Hurlbert 
rarefaction; d - Margalef richness; 1-’ - Simpson index; AMBI - AZTI marine biotic index; 
M-AMBI – multimetric AMBI. 
Site S A H' (log2) J' ES(50) d 1-' AMBI M-AMBI
1 47 359 4.5 0.8 20.8 7.8 0.9 2.2 0.8 
2 50 735 3.1 0.5 13.1 7.4 0.7 4.0 0.5 
3 54 417 4.4 0.8 20.6 8.8 0.9 2.1 0.8 
4 44 496 4.5 0.8 20.0 6.9 0.9 2.6 0.7 
5 48 551 4.3 0.8 18.9 7.4 0.9 1.8 0.8 
6 55 465 4.7 0.8 22.0 8.8 0.9 2.4 0.8 
7 65 558 4.4 0.7 21.4 10.1 0.9 2.6 0.8 
8 82 954 4.4 0.7 20.0 11.8 0.9 2.6 0.8 
9 74 727 4.7 0.8 22.3 11.1 0.9 2.1 0.9 
10 65 703 4.3 0.7 19.5 9.8 0.9 2.3 0.8 
11 61 689 4.3 0.7 19.0 9.2 0.9 2.7 0.8 
12 56 378 4.5 0.8 20.2 9.3 0.9 2.4 0.8 
13 29 158 4.0 0.8 17.8 5.5 0.9 2.5 0.6 
14 68 821 4.2 0.7 20.2 10.0 0.9 2.5 0.8 
15 61 355 4.6 0.8 23.5 10.2 0.9 2.1 0.8 
16 69 964 4.2 0.7 19.0 9.9 0.9 2.0 0.8 
17 68 670 4.7 0.8 22.0 10.3 0.9 1.6 0.9 
18 86 946 4.7 0.7 21.7 12.4 0.9 1.7 1.0 
19 44 205 4.5 0.8 21.7 8.1 0.9 2.4 0.7 
20 69 564 4.6 0.8 22.2 10.7 0.9 1.8 0.9 
21 61 821 3.7 0.6 17.1 8.9 0.8 2.7 0.7 
22 67 422 5.3 0.9 27.6 10.9 1.0 2.3 0.9 
23 58 519 4.5 0.8 21.3 9.1 0.9 2.7 0.8 
24 71 1045 4.4 0.7 20.9 10.1 0.9 2.8 0.8 
25 37 124 4.5 0.9 22.7 7.5 0.9 1.9 0.8 
26 71 855 4.3 0.7 19.6 10.4 0.9 2.0 0.8 
27 76 670 4.6 0.7 21.3 11.5 0.9 1.6 0.9 
28 49 279 4.4 0.8 20.9 8.5 0.9 2.8 0.7 
29 49 207 4.9 0.9 25.2 9.0 1.0 2.2 0.8 
30 84 651 5.3 0.8 27.5 12.8 1.0 1.9 1.0 
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Figure 6. Spatial distribution of the biotic indices in the study area. N - Number. 
extends beyond the outfall proximity (Fig. 7 and 8). In general, some species, like 
Nassarius reticulatus, Echinocardium cordatum, Diopatra marocensis and, 
particularly, the opportunist species Capitella sp., establish preferably close to the 
outfall and could benefit from the high nutrient availability, while the distribution 
patterns of other species are related to natural factors, like the superficial sediment 
type. For instance, small interstitial polychaetes like Polygordius appendiculatus, 
Sphaerosyllis taylori and Pisione remota are characteristic of coarse sediments (cf. 
Fig. 7). 
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Figure 7. Spatial distribution of the macrobenthic species from groups A and B1 and 
species abundant near the outfall. N - Number. 
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Figure 8. Spatial distribution of the macrobenthic species from groups B1, B2, C1 and C2. 
N - Number. 
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The species mean abundance data matrix from the 30 study sites was 
submitted to classification and ordination analysis in order to identify biological 
affinity groups between sites, to characterize the biological gradient in the study 
area. Five biological affinity groups were identified (A, B1, B2, C1 and C2, Fig. 9). 
The overall pattern is very similar to the one obtained with the sediment 
descriptors analysis. In fact, the baseline sediment descriptors grain size and 
median are the ones that best explain the biological affinity groups spatial 
distribution shown in Fig. 9. Group A includes sites 13 and 21, characterized by 
coarse or medium sand; group B1 includes sites 1 to 12, 14, 17, 23 and 24, 
characterized by fine sand; group B2 includes sites 16, 18, 20, 26 and 30, 
characterized by silty very fine sand; group C1 includes sites 15 and 22, 
characterized by very silty very fine sand; group C2 includes sites 19, 25, 28 and 
29, characterized by mud. The environmental data matrix and the biological data 
matrix are strongly correlated (Spearman rho = 0.88), denoting a close relationship 
between the biological communities and baseline sediment descriptors.  
Table 10 gives the biotic indices mean values for the biological affinity groups 
in the study area. The species mean abundance in the biological affinity groups is 
shown in Table 11 and the main species distribution patterns are shown in Figures 
7 and 8. A clear gradient is noticed along the axis group A  B1  B2 (shelf - 
estuary) with values increasing towards the estuary or decreasing in the case of 
AMBI. Another distinct pattern is noticed along the axis group B1  B2  C2 
(nearshore - offshore) with low values close to the outfall, highest at intermediate 
distances and lowest in offshore muddy sediments and an opposite trend in AMBI 
values. Each biological affinity group is characterized by the dominance of 
different species either present exclusively in the group or with higher abundance 
inside a particular group. Group A is characterized by the abundance of the 
interstitial polychaetes Polygordius appendiculatus, Sphaerosyllis taylori and 
Pisione remota, as well as by a high abundance of the Polychaete Mediomastus 
fragilis. In group B1, the most abundant species are the Bivalves Abra alba and 
Tellina fabula, and the Polychaetes Capitella sp., Spio decoratus, Magelona 
filiformis, Magelona johnstoni and Prionospio fallax. Group B2 is characterized by 
the Amphipod Ampelisca sp., and the Polychaetes Euclymene oerstedi,  
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Figure 9. Spatial distribution of the biological affinity groups in the study area (A, B1, B2, 
C1 and C2). a) in the classification diagram; b) in the NMDS ordination; c) in the study 
area.   
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Table 10. Biotic indices mean (± standard deviation) values for the biological affinity 
groups identified by classification and ordination analysis, represented in Figure 9. S - 
species richness; A - abundance; H’ - Shannon diversity; J’ - Pielou evenness; ES(50) - 
Hurlbert rarefaction; d - Margalef richness; 1-’ - Simpson index; AMBI - AZTI marine 
biotic index; M-AMBI – multimetric AMBI. Group A = sites 13 and 21. Group B1 = sites 1 
to 12, 14, 17, 23, 24 and 27. Group B2 = sites 16, 18, 20, 26 and 30. Group C1 = sites 15 
and 22. Group C2 = sites 19, 25, 28 and 29.  
 A B1 B2 C1 C2 
S (0.1 m2) 45.0 ± 22.63 61.3 ± 11.06 75.8 ± 8.47 64.0 ± 4.24 44.8 ± 5.68
A (0.1 m2) 489.5 ± 468.81 632.8 ± 193.20 796.0 ± 179.62 388.5 ± 47.38 203.8 ± 63.34 
H’ (log2) 3.8 ± 0.20 4.4 ± 0.37 4.6 ± 0.43 4.9 ± 0.46 4.6 ± 0.21 
J’ 0.7 ± 0.14 0.7 ± 0.06 0.7 ± 0.06 0.8 ± 0.06 0.8 ± 0.04 
ES(50) 17.5 ± 0.46 20.2 ± 2.09 22.0 ± 3.35 25.6 ± 2.91 22.6 ± 1.88 
d 7.2 ± 2.41 9.4 ± 1.43 11.2 ± 1.29 10.6 ± 0.50 8.3 ± 0.65 
1-’ 0.9 ± 0.07 0.9 ± 0.05 0.9 ± 0.03 0.9 ± 0.04 0.9 ± 0.01 
AMBI 2.6 ± 0.15 2.4 ± 0.55 1.9 ± 0.15 2.2 ± 0.11 2.3 ± 0.38 
M-AMBI 0.7 ± 0.05 0.8 ± 0.08 0.9 ± 0.06 0.9 ± 0.04 0.8 ± 0.03 
Table 11. Species mean abundance (ind / 0.1 m2) in the biological affinity groups. The 
highlighted values indicate the area where each species presents the highest mean 
abundance. Groups A, B1, B2, C1 and C2 (see Table 10). 
Species A B1 B2 C1 C2 
Pisione remota 23.5   
Polygordius appendiculatus 13.5   
Sphaerosyllis taylori 24.5   
Scolelepis cantabra 9.5   
NEMATODA 57.0 1.3 1.0 1.5  
Prionospio (Prionospio) steenstrupi 17.0 9.5 2.8 2.0  
Mediomastus fragilis 166.0 33.6 2.0 3.5 0.5 
Urothoe poseidonis 4.3   
Tellina fabula 30.1 0.6   
Capitella sp. 3.0 35.4   
Diopatra marocensis 0.5 10.6 1.4  1.0 
Spio decoratus 4.5 25.3 4.4 2.0  
Abra alba 0.5 26.9 17.2 7.5 0.3 
NEMERTINA 10.5 27.2 15.8 11.0 6.5 
Chaetozone sp. 14.5 22.4 13.2 1.5 0.3 
Magelona filiformis 36.6 23.4 5.0  
Magelona johnstoni 52.1 4.2  0.3 
Prionospio fallax 3.0 115.5 102.6 45.0 11.8 
Pectinaria (Lagis) koreni 2.0 18.6 16.2 13.0 1.3 
Spiophanes bombyx 8.5 14.2 13.4 3.0 1.3 
Sabellaria spinulosa 11.2 6.2   
Ampelisca sp. 14.7 62.4 7.0 9.3 
Euclymene oerstedi 0.5 4.6 109.4 1.0  
Hyalinoecia bilineata 6.6 32.2 1.0  
Lumbrineris gracilis 0.5 7.2 78.0 63.0 14.8 
Praxillura sp. 0.5 51.4   
Ampharete finmarchica 3.5 12.0 15.5 11.3 
Paraonidae sp. 0.2 6.5 5.5 
Thyasira sp. 15.0 6.0 
Nassarius cabrierensis ovoideus 0.2 0.2 1.0 15.3 
Hydrobia acuta neglecta 0.1 0.5 5.3 
Polycirrus sp. 0.2 6.0 27.5 
Sternaspis scutata 1.5 17.3 
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Hyalinoecia bilineata, Lumbrineris gracilis and Praxillura sp. Group C1 is 
represented by the Polychaete Ampharete finmarchica, and the Bilvalve Thyasira 
sp. Group C2 is constituted by the Gastropod Nassarius cabrierensis ovoideus 
and the Polychaetes Polycirrus sp. and Sternaspis scutata.  
The carbon and nitrogen isotope composition values in the thirteen taxa 
analyzed in the study area are given in Tables 12 and 13. The isotopic data for six 
selected species is represented in Fig. 10. The Bivalve Abra alba shows a clear 
spatial pattern regarding both carbon and nitrogen isotope composition values, 
enriching as distance from the outfall increases (13C < -21‰ vs. 13C > -19.5‰; 
15N < +5.5‰ vs. 15N > +7.0‰, Tables 12 and 13). The Gastropod Nassarius 
reticulatus also shows more depleted carbon isotope composition values near the 
outfall (13C < -19.5‰, Table 12) that become enriched towards the shelf and 
towards the estuary (13C > -18.0‰, Table 12). This species shows depleted 
nitrogen isotope composition values (15N < +10.3‰, cf. Table 13) in a 
comparatively wider area than Abra alba, that become slightly enriched towards 
the shelf and towards the estuary. The Polychaete Nephtys sp. presents much 
depleted values close to the outfall (13C < -20.5‰, Table 12) and a gradient of 
increasing carbon isotope composition values towards the estuary, while exhibiting 
a sharper enrichment towards the shelf. Depleted nitrogen isotope composition 
values for this taxon are confined to areas around the outfall (15N < +9.5‰, Table 
13). The Polychaete Pectinaria (Lagis) koreni shows a clear spatial pattern both in 
carbon and nitrogen isotope composition values with slightly depleted values 
towards the shelf, much depleted isotope composition values around the outfall 
(13C < -22.0‰; 15N < +3.5‰, Tables 12 and 13), and enriched values towards 
the estuary (13C > -20.5‰; 15N > +5.0‰, Tables 12 and 13). Another 
Polychaete, Glycera sp. shows much depleted carbon isotope composition values 
near the outfall (13C < -20.5‰, Table 12) and a rapid enrichment with increasing 
distance from the branches (13C > -18.0‰, Table 12). In this taxon, the nitrogen 
isotope composition values showed an enrichment gradient from the shelf to the 
estuary, with depletion in the area in front and around the outfall (15N < +8.0‰, 
Table 13). Finally, the Crustacean Ampelisca sp. only showed much depleted 
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Figure 10. Distribution of the carbon and nitrogen isotopic values in six selected species. 
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carbon isotope composition values in site 3 (13C < -21.0‰, Table 12), which 
become slightly depleted towards the shelf and enriched with the approximation to 
the Tagus estuary (13C > -19.5‰, Table 12), while the nitrogen isotope 
composition values exhibit a larger variation, with less clear spatial pattern. 
The species mean trophic positions, shown in Table 14, permitted to assign 
species to the following feeding guilds: suspensivores/detritivores (Ampelisca sp.); 
depositivores (Abra alba, Pectinaria (Lagis) koreni, Sternaspis scutata, Tellina 
compressa and Tellina fabula), carnivores/omnivores (Diopatra marocensis, 
Hyalinoecia bilineata, Lumbrineris gracilis, Nephtys sp. and Glycera sp.) and 
scavengers (Nassarius cabrierensis ovoideus and Nassarius reticulatus). 
Table 14. Mean (± standard deviation) of the trophic positions (Tp) for all the species 
analysed in this study, obtained from two baseline isotopic descriptors and their respective 
overall mean. Number of replicates in brackets. 
 
Tp  
baseline  
Abra 
Tp  
baseline  
Nephtys 
Tp  
mean 
Abra alba  - 2.0 ± 0.33 (17) 2.0 ± 0.33 (17) 
Ampelisca sp.  1.5 ± 0.33 (14) 1.3 ± 0.36 (16) 1.4 ± 0.34 (30) 
Diopatra marocensis  2.8 ± 0.39 (10) 2.8 ± 0.35 (12) 2.8 ± 0.36 (22) 
Glycera sp.  2.6 ± 0.17 (9) 2.5 ± 0.30 (12) 2.5 ± 0.25 (21) 
Hyalinoecia bilineata  2.2 ± 0.32 (10) 2.3 ± 0.22 (11) 2.3 ± 0.27 (21) 
Lumbrineris gracilis  2.8 ± 0.12 (3) 2.6 ± 0.10 (4) 2.7 ± 0.16 (7) 
Nephtys sp.  2.7 ± 0.33 (17) - 2.7 ± 0.33 (17) 
Nassarius cabrierensis ovoideus  - 3.6 ± 0.01 (2) 3.6 ± 0.01 (2) 
Nassarius reticulatus  3.2 ± 0.32 (15) 3.2 ± 0.43 (23) 3.2 ± 0.39 (38) 
Pectinaria (Lagis) koreni  1.5 ± 0.31 (7) 1.4 ± 0.47 (8) 1.4 ± 0.39 (15) 
Sternaspis scutata  - 1.8 ± 0.05 (2) 1.8 ± 0.05 (2) 
Tellina compressa  2.4 ± 0.26 (5) 2.3 ± 0.28 (6) 2.4 ± 0.27 (11) 
Tellina fabula  2.4 ± 0.28 (5) 2.4 ± 0.27 (8) 2.4 ± 0.26 (13) 
The carbon and nitrogen isotope composition values for the feeding guilds are 
given in Table 15 and their distribution in the study area is shown in Fig. 11. The 
depositivores show both depleted carbon and nitrogen isotope composition values 
near the outfall (13C < -21‰; 15N < +6.0‰, Table 15) with enrichment as 
distance increases from the branches (13C > -19.5‰; 15N > +7.5‰, Table 15). 
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Figure 11. Distribution of the carbon and nitrogen isotopic values in the feeding guilds. 
A similar pattern is shown by the carnivores/omnivores, which nevertheless 
present depleted isotope composition values in a comparatively wider spatial area 
around the outfall than the depositivores. The scavengers show the most depleted 
carbon isotope composition values in a small area near the outfall (13C < -19.5‰, 
Table 15) and the richer in the farthest areas (13C > -18.0‰, Table 15). 
Comparatively, their nitrogen isotope composition values are more depleted in a 
much larger area centred in the outfall (15N < +10.3‰, Table 15). As for the 
suspensivores/ detritivores, they follow the pattern described above for Ampelisca 
sp., which is the only species representing this feeding guild. 
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The classification and ordination analysis of the feeding guilds data matrix are 
shown in Fig. 12. Four affinity groups, A, B, C and D, were identified. Their 
succession along the horizontal axis of the ordination diagram and their positioning 
in the study area reflects a factor of increasing distance from the outfall.  Group A 
includes sites 2, 3, 4 and 5 positioned 250 m from the outfall branches; group B 
includes sites 6, 7, 8, 9, 10, 11, positioned 500 m from the outfall and also site 23, 
not much farther away; group C includes sites 15, 16, 17, 20, 26, 27 and 29 
positioned more than 1000 m from the outfall; and group D includes sites 25, 28, 
positioned 2000 m away from the outfall and characterized by muddy sediment 
and site 12, directed to the shore, over fine sand with very low fines content. Table 
16 gives the mean isotopic composition values of each feeding guild and taxum in 
the above mentioned groups. A clear gradient is noticed from group A to group D, 
with more depleted carbon and nitrogen isotope composition values in group A, 
intermediate isotope composition values in group B and enriched isotope 
composition values in group C, being group D characterized by the most enriched 
nitrogen isotope composition values (Table 16). Fig. 13 shows the plots of 13C 
and 15N for the species present in each affinity group. We can notice the offset of 
the isotopic values from the lower left corner to the upper right corner as we move 
from group A to group C - D and the diminishing of the isotopic variation as we 
move away from the outfall to the farthest areas. 
Given the diverse macrobenthic species composition and abundance in the 
various groups, corresponding to a heterogeneous sedimentary seascape in the 
study area, a detailed study was conducted in areas A1 to A3, located in the 
vicinity of the outfall up to 1000 m distance. These areas were chosen in order to 
work on the same sediment type, as seen before (see Table 5). In these three 
areas, three sites per area were chosen (cf. Figure 1), and three replicates per site 
were taken for the detailed study of stable isotopes in benthic species, the benthic 
community species abundance, and the biotic indices. Table 17 presents a 
summary of the macrobenthic species mean abundance in the three areas. This 
table includes 36 out of the total 192 taxa present in the areas, corresponding to 
the subset which contributes with at least 2% to the total abundance per site.  
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Figure 12. Spatial distribution of the affinity groups among sampling sites (A, B, C and D), 
described by the carbon and nitrogen isotopic composition of the feeding guilds. a) in the 
classification diagram; b) in the NMDS ordination; c) in the study area. 
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Figure 13. Plots of 13C and 15N in the species present in the sites comprising each 
feeding guild affinity group (A, B, C and D, see figure 12). 
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Table 17. Species mean abundance (ind / 0.1 m2) in areas A1 to A3. The highlighted 
values indicate the area where each species presents the highest mean abundance. The 
rectangles enclose the five most abundant species per area. EG - AMBI Ecological Group 
assignment. 
Species EG A1 A2 A3 
Urothoe poseidonis (I) 10.4 1.4  
Capitella sp. (V) 106.1 17.0 4.2 
Tellina fabula (I) 56.0 38.3 13.7 
Mediomastus fragilis (III) 45.3 27.6 15.2 
Spio decoratus (III) 44.4 25.7 13.6 
Diopatra marocensis (I) 41.0 7.2 3.9 
Nassarius reticulatus (II) 9.3 3.0 2.1 
Nephtys hombergii (II) 8.2 5.2 5.4 
Diogenes pugilator (II) 5.6 4.0 1.0 
Tellimya ferruginosa (II) 5.1 2.1 2.9 
Echinocardium cordatum (I) 4.4 1.3 2.0 
Caulleriella alata (IV) 3.1 1.0 0.8 
Kurtiella bidentata (III) 2.6 1.0 0.2 
Prionospio fallax (IV) 40.9 141.1 124.7 
Prionospio (Prionospio) steenstrupi (IV) 2.6 10.3 7.2 
NEMERTINA (III) 24.8 45.7 40.1 
Magelona johnstoni (I) 22.4 61.1 47.9 
Chaetozone sp. (IV) 7.1 27.8 22.0 
Magelona alleni (I) 0.7 4.0 3.6 
Pectinaria (Lagis) koreni (IV) 16.4 22.8 13.1 
Dipolydora coeca (IV) 1.7 2.6 0.1 
Spiophanes bombyx (III) 11.9 17.2 15.0 
Ophiura sp. (II)  5.2 0.6 
Abra alba (III) 20.4 30.7 34.7 
Magelona filiformis (I) 6.2 39.3 43.4 
Ampelisca sp. (I) 6.6 19.9 60.6 
Euclymene oerstedi (I) 0.9 6.7 40.2 
Hyalinoecia bilineata (II) 1.4 8.2 20.9 
Lumbrineris gracilis (II) 0.9 7.9 24.6 
Ampharete finmarchica (I) 0.3 3.3 10.6 
Owenia fusiformis (II) 5.9 4.2 8.9 
Spiochaetopterus solitarius (III) 1.7 1.4 5.8 
Spiophanes kroyeri (III) 0.8 1.9 5.4 
Sabellaria spinulosa (I) 3.8 4.9 5.1 
Edwardsia claparedii (III) 0.1 1.3 1.7 
Praxillura sp. (I)  0.4 4.2 
5. Results 
 54 
Despite this reduction, the inter-site Bray-Curtis similarity matrices of the two data 
sets are strongly correlated (Spearman rho = 0.97). Table 17 indicates that the  
potential difference between the three study areas corresponds to alterations in 
the dominance structure of the benthic community, as almost all the taxa are 
present in all study areas. Overall, the more sensitive taxa to organic enrichment 
dominate the community away from the outfall, in area A3, whereas the area 
closer to the outfall, A1, is dominated by first-order opportunists (Capitella sp., 
EGV, Table 17). When considering the five most abundant species per area, A1 
includes one first-order opportunist (EGV), two tolerant (EGIII) and two sensitive 
taxa (EGI), A2 includes one second-order opportunist (EGIV), one tolerant (EGIII) 
and three sensitive taxa (EGI), and A3 includes one second-order opportunist 
(EGIV) and four sensitive taxa (EGI). This illustrates the succession of the species, 
from the most tolerant to organic enrichment to the most sensitive, with increasing 
distance from the outfall. 
Table 18. Stable isotopes and benthic macrofauna biotic indices per study area (A1 to A3, 
mean ± standard deviation; n = 9). 15N - nitrogen stable isotope; 13C - carbon stable 
isotope; S - species richness; A - abundance; H’ - Shannon diversity; J’ - Pielou evenness; 
ES(50) - Hurlbert rarefaction; d - Margalef richness; 1-’ - Simpson index; AMBI - AZTI 
marine biotic index; M-AMBI - multimetric AMBI.  
                   Areas (sites) 
 A1 (3, 4, 5) A2 (6, 8, 10) A3 (18, 23, 27) 
Stable isotope descriptors 
15N (‰) - Fauna 7.1 ± 0.43 7.6 ± 0.84 7.2 ± 0.42 
13C (‰) - Fauna -20.6 ± 0.33 -19.4 ± 0.58 -18.9 ± 0.57 
15N (‰) - Abra alba 4.2 ± 0.56 5.4 ± 0.84 6.1 ± 0.77 
13C (‰) - Abra alba -22.3 ± 0.64 -20.1 ± 1.03 -18.6 ± 0.75 
15N (‰) - Nephtys sp. 7.1 ± 0.57 8.5 ± 0.94 8.9 ± 1.00 
13C (‰) - Nephtys sp. -20.1 ± 0.99 -18.9 ± 1.34 -18.1 ± 0.69 
Biotic indices 
S (0.1 m2) 48.0 ± 3.94 63.9 ± 7.34 70.3 ± 14.55 
A (0.1 m2) 556.7 ± 156.20 686.4 ± 173.66 714.8 ± 140.91 
H’ (log2) 4.1 ± 0.38 4.5 ± 0.15 4.6 ± 0.42 
J’ 0.7 ± 0.06 0.7 ± 0.04 0.7 ± 0.05 
ES(50) 18.2 ± 2.29 20.4 ± 1.05 21.5 ± 2.65 
d 7.5 ± 0.79 9.7 ± 0.84 10.5 ± 2.00 
1-’ 0.9 ± 0.04 0.9 ± 0.02 0.9 ± 0.04 
AMBI 2.7 ± 0.50 2.4 ± 0.25 2.1 ± 0.56 
M-AMBI 0.7 ± 0.06 0.8 ± 0.03 0.9 ± 0.11 
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The carbon and nitrogen isotope composition values in the pooled fauna 
sample showed carbon isotopic depletion near the outfall branches (area A1) and 
enrichment with increasing distance from the outfall (areas A2 and A3, Table 18), 
but relatively similar nitrogen isotope composition values across the areas (Table 
18). This descriptor rejected the null hypothesis of no significant difference among 
the areas, contrary to the nitrogen isotope composition values (Table 19). The 
carbon and nitrogen isotope composition analysis in the Bivalve Abra alba and the 
Polychaete Nephtys sp., showed enrichment with increasing distance from the 
outfall (Table 18). The isotopic carbon data rejected the null hypothesis for both 
species. The nitrogen data also rejected the null hypothesis for Abra alba, but not 
for Nephtys sp., although the associated significance is very close to the threshold 
value (p = 0.07, Table 19). 
Table 19. PERMANOVA main test results for the stable isotopes composition values 
analysed in the macrofauna. df - degrees of freedom; SS - sums of squares; MS - mean 
square; p - significance level (ns = non significant). 
Test df SS MS Pseudo-F p 
Nitrogen stable isotope (pooled fauna sample) 
Areas 2 1.225 0.6125 0.68 0.5329 (ns) 
Sites (Areas) 6 5.4041 0.9007 5.1618 0.0032 
Residuals 18 3.1408 0.1745   
Total 26 9.7699    
Carbon stable isotope  (pooled fauna sample) 
Areas 2 13.824 6.9119 9.7163 0.0143 
Sites (Areas) 6 4.2682 0.7114 6.501 0.0007 
Residuals 18 1.9696 0.1094   
Total 26 20.062    
Abra alba nitrogen stable isotope 
Areas 2 16.674 8.337 9.8749 0.0116 
Sites (Areas) 6 5.0656 0.8443 1.9254 0.1282 (ns) 
Residuals 18 7.8928 0.4385   
Total 26 29.632    
Abra alba carbon stable isotope 
Areas 2 62.463 31.232 15.684 0.0049 
Sites (Areas) 6 11.947 1.9912 8.2572 0.0002 
Residuals 18 4.3408 0.2412   
Total 26 78.752    
Nephtys sp. nitrogen stable isotope 
Areas 2 15.836 7.9182 4.3312 0.0691 (ns) 
Sites (Areas) 6 10.969 1.8282 4.8422 0.0041 
Residuals 18 6.796 0.3776   
Total 26 33.602    
Nephtys sp. carbon stable isotope 
Areas 2 18.095 9.0476 10.032 0.012 
Sites (Areas) 6 5.4114 0.9019 0.789 0.5895 (ns) 
Residuals 18 20.575 1.1431   
Total 26 44.082    
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Table 20. PERMANOVA main test results for the macrofauna community and biotic 
indices. df - degrees of freedom; SS - sums of squares; MS - mean square; p - 
significance level (ns = non significant). 
Test df SS MS Pseudo-F p 
Macrofauna community 
Areas 2 7584.7 3792.3 2.6258 0.0154 
Sites (Areas) 6 8665.6 1444.3 3.5238 0.0001 
Residuals 18 7377.5 409.86   
Total 26 23628    
Specific richness (S) 
Areas 2 2378.3 1189.1 4.5946 0.0628 (ns) 
Sites (Areas) 6 1552.9 258.81 6.6935 0.0011 
Residuals 18 696 38.667   
Total 26 4627.2    
Abundance (N) 
Areas 2 127930 63966 2.3792 0.1442 (ns) 
Sites (Areas) 6 143250 23876 0.9507 0.4819 (ns) 
Residuals 18 452050 25144   
Total 26 723230    
Shannon diversity (H'log2) 
Areas 2 0.9299 0.4649 2.3201 0.1848 (ns) 
Sites (Areas) 6 1.2024 0.2004 2.3495 0.0731 (ns) 
Residuals 18 1.5353 0.0853   
Total 26 3.6676    
Hurlbert rarefaction (ES(50)) 
Areas 2 49.783 24.892 3.5463 0.0971 (ns) 
Sites (Areas) 6 42.113 7.0189 1.9502 0.1275 (ns) 
Residuals 18 64.785 3.5992   
Total 26 156.68    
Margalef richness (d) 
Areas 2 44.403 22.202 4.5636 0.0655 (ns) 
Sites (Areas) 6 29.19 4.8649 6.5446 0.0010 
Residuals 18 13.38 0.7436   
Total 26 86.973    
Simpson index (1-') 
Areas 2 0.0014 0.0007 0.4238 0.6758 (ns) 
Sites (Areas) 6 0.0100 0.0017 1.6583 0.1876 (ns) 
Residuals 18 0.0182 0.0010   
Total 26 0.0296    
AMBI index 
Areas 2 1.6159 0.8079 1.6548 0.2633 (ns) 
Sites (Areas) 6 2.9294 0.4882 4.3624 0.0067 
Residuals 18 2.0145 0.1119   
Total 26 6.5598    
M-AMBI index 
Areas 2 0.1102 0.0551 3.287 0.114 (ns) 
Sites (Areas) 6 0.1006 0.0168 7.7983 0.0003 
Residuals 18 0.0387 0.0021   
Total 26 0.2494    
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Table 20 gives the results for the PERMANOVA main test with the macrofauna 
benthic community data, considering the species abundance and the synthesis 
biotic indices data. The species data strongly rejected the null hypothesis of no 
significant differences among the areas. None of the biotic indices showed the 
same result, although the significance level associated with the test for species 
richness was very close to the threshold value (p = 0.06, Table 20). Mean species 
richness was lower in area A1 when compared to areas A2 and A3, as were other 
indices related to species richness and diversity (H’, ES(50) and d, Table 18), but 
none rejected the null hypothesis. AMBI, specifically related to the 
sensitivity/tolerance of species to organic enrichment, although showed 
decreasing values from area A1 to A3 (Table 18), was very ineffective to reject the 
null hypothesis. The same for M-AMBI, according to which all individual sample 
replicates were in fact classified as ‘Good’, except the replicates from sites 18 and 
27, all classified in ‘High’ ecological quality status. 
Table 21 summarizes the pairwise comparisons between areas for the 
descriptors which rejected the main test null hypothesis. Area A1 was always 
significantly different from areas A2 and A3, except for the nitrogen stable isotope 
composition data in the Bivalve Abra alba. None of the descriptors identified areas  
Table 21. Values for the t-statistic and associated significance in the pairwise 
comparisons between areas (A1 to A3), for the descriptors that rejected the main test null 
hypothesis (significance values: * p < 0.05; ** p < 0.01; ns = non significant). 
Descriptors A1 vs. A2 A1 vs. A3 A2 vs. A3 
Pooled fauna carbon stable isotope 3.3717* 4.4329* 1.2381 (ns) 
Abra alba nitrogen stable isotope 2.6538 (ns) 6.0984** 1.4282 (ns) 
Abra alba carbon stable isotope 3.2417* 6.2702** 2.0786 (ns) 
Nephtys sp. carbon stable isotope 2.8067* 4.5866** 1.6308 (ns) 
Macrofauna community 1.7644* 2.0662* 0.9080 (ns) 
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A2 and A3 as significantly different. These results show a very good agreement 
between various independent indicators and point out area A1 as significantly 
altered due to organic enrichment: negative redox potential values in the 
superficial sediment, depleted carbon isotope composition values, in the whole 
sediment, in selected macrofauna species and in an homogenized sample of a 
pool of benthic species and the benthic community dominated by first-order 
opportunists. The organic enrichment in area A1 may be considered mild, given 
that no change of the physical environment was noticed, namely sediment grain 
size alteration or organic matter accumulation in the sediment. The ordination 
diagrams shown in Figure 14 illustrate the separation of area A1 and the relative 
indistinctiveness between areas A2 and A3, using the benthic macrofauna whole 
species data set and the carbon and nitrogen stable isotope composition in Abra 
alba, Nephtys sp. and the homogenized fauna. 
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Figure 14. Ordination analysis diagrams for the macrofauna species abundance (top) and 
the carbon and nitrogen stable isotope composition data in the biological samples 
(bottom, Abra alba, Nephtys sp. and pooled sample). 
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6. Discussion 
In this study, baseline sediment descriptors namely the median, fines content 
and total volatile solids gradually augmented with increasing depth and towards 
the estuary, with the exception of redox potential. In fact, the redox potential 
values reported in this study for the fine sand sites located close to the outfall are 
negative, when compared to those reported for the same sites before the 
operation of this system, in the range of +200 mV to +300 mV (Quintino et al., 
2001). Knowing that the values here reported for the fines content, median and 
total volatile solids content are within the same range as those reported for 1994, 
before the outfall was operating (Quintino et al., 2001; Silva et al., 2004), leads to 
the conclusion that this sewage discharge system has not introduced significant 
alterations to the coastal sediments as far as these baseline descriptors are 
concerned. The only alteration is restricted to the area close to the outfall 
branches, possible due to diminishing dissolved oxygen in the upper layers of the 
sediment due to microbial processing of the organic input, as highlighted by the 
negative redox potential values. Pearson (1987) also found negative redox values 
in a sludge-disposal site in the Firth of Clyde, Scotland, becoming positive with 
increasing distance from the disposal area. The negative redox potential values 
are often related to reduced conditions in the sediment, as a consequence of the 
degradation of organic matter by chemical and biological processes and can serve 
as guide to the biological condition of the sediment and the degree of organic load 
input (Pearson and Stanley, 1979).  
The use of carbon and nitrogen stable isotope composition data gave a good 
insight to the identification and traceability of carbon and nitrogen sources to 
sediment near and away from the outfall in this coastal area. The surface 
sediments 13C values encountered close to the outfall branches (13C, -24.6 to -
22.9‰) are associated with effluent discharges from primary treatment sewage 
facilities in coastal environments worldwide. Reinforcing a terrestrial origin, they 
were similar or more depleted than isotope composition values reported in 
sediments or sludge for Cranston, Rhode Island (-23.5  0.4‰, n = 12, Gearing et 
al., 1991), New Jersey (-22.7  0.1‰, n = 8, Van Dover et al., 1992), Edinburgh, 
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Scotland (-23.2  0.1‰, n = 16, Waldron et al., 2001), Wellington, New Zealand (-
26.5  0.1‰, Rogers, 2003), and McMurdo Station, Antarctica (-22.4  0.1‰, n = 
6, Conlan et al., 2006). Our superficial sediment 15N values near the outfall (15N, 
+2.0 to +2.8‰) are also similar or more depleted than those found in San Pedro, 
California (2.5  0.2‰, n = 4, Sweeney et al., 1980), Deer Island, Massachusetts 
(3.3‰, n = 1, Tucker et al., 1999), Wellington, New Zealand (2.3  0.3‰, Rogers, 
2003), and McMurdo Station, Antarctica (3.8  0.1‰, n = 3, Conlan et al., 2006). 
Carbon and nitrogen isotope composition values in sludge and sediments are very 
similar, as little alteration occurs during sedimentation and microbial processing 
(Peters et al., 1978; Sweeney et al., 1980). These depleted isotope composition 
values indicate a direct sewage influence upon the superficial sediments near the 
outfall branches. Sewage is mainly composed of urea and its hydrolyzed form, 
ammonia, which is 15N-depleted in relation to 15N of marine nitrates. With 
volatilization part of this ammonia is lost, inducing 15N-enrichment in the remaining 
ammonia (Vizzini and Mazzola, 2004). This enrichment is small in untreated or 
primary treated sewage in comparison to secondary or tertiary treated sewage 
(Gaston and Suthers, 2004), bringing the sewage signal closer to the terrestrial 
isotopic signal (13Cmean, -28‰, range -30‰ to -23‰, 15Nmean, +3‰, range -5‰ to 
+18‰, Fry and Sherr, 1984; Hu et al., 2006) than to the marine isotopic signal 
(13Cmean, -21‰, range -24‰ to -18‰; 15Nmean, +6‰, range +4‰ to +9‰, Fry and 
Sherr, 1984; Tucker et al., 1999). Away from the outfall 13C and 15N values 
become enriched either due to increase mixing with marine autochthonous 
sources or to biogeochemical processes that cause variable fractionation effects 
(Cifuentes et al., 1988). Our 13C values remain fairly constant in the remaining 
areas, although still slightly depleted up to 3 km away from the outfall reflecting a 
small mixing with marine organic matter. Moreover, the influence of the Tagus 
estuary terrestrial organic matter inputs may also have contributed to a higher 
depletion in the 13C values from the sediments in areas located further apart from 
the outfall, namely in the muddy sediments located offshore and closer to the 
estuary. Conlan et al. (2006) found significantly depleted 13C, 600 m down current 
of a sewage outfall in front of McMurdo Station in Antarctica. Nitrogen isotope 
6. Discussion 
 62 
composition values also became more enriched away from the outfall and closer 
to the marine end-member (mean, +6‰, Tucker et al., 1999) in the farthest areas. 
In our case, the influence of sewage on this descriptor seemed still very strong 1.5 
km away from the outfall. Other studies report sewage nitrogen influence even 
further away from the point of discharge. Sweeney and Kaplan (1980) found 
organic nitrogen to be predominantly of sewage origin within 3 km of the outfall 
pipes near Whites Point on the San Pedro shelf. In Himmerfjärden, the most 
elevated 15N values were found within 10 km of the outfall (Savage et al., 2004) 
and Tucker et al. (1999) noticed some sewage influence in sediments at 15 km 
distance from the outfall in Massachusetts Bay. On the other end, nitrogen isotope 
composition values reached reference values at a distance of 600 m near the 
McMurdo Station (Conlan et al., 2006). These studies, however, either do not 
specify the characteristics of the superficial sediments or explicitly mention their 
grain size similarity, or do not relate the isotopic values to the superficial sediment 
type. It is clear from our study that sediment grain size may act as a confounding 
factor in the analysis of nitrogen. 15N more enriched values appeared in areas 
with finer sediments. This relationship has not always been observed. Usui et al. 
(2006) namely, found a correlation between 13C and silt/clay content but not a 
similar correlation involving 15N, in superficial uncontaminated sediments on the 
shelf and slope off Tokachi, Western North Pacific. A recent study by Gao et al. 
(2008) showed linear correlations between total organic carbon, total nitrogen, and 
organic carbon and nitrogen stable isotopes in uncontaminated sediments with 
mean grain size.  Nonetheless, Falcão and Vale (1990) refer to high rates of 
denitrification that occur in mud or sandy mud estuarine sediments and this 
process is associated with the enrichment of the remaining nitrate (Aravena et al., 
1993). Biogeochemical processes could be responsible for this higher nitrogen 
enrichment (Cifuentes et al., 1988) but considerable mixing with marine organic 
matter can also be expected because these values are on the lower limit of the 
range (15N, +4 to +9‰; Tucker et al., 1999) for organic matter marine sources. A 
mixing with the terrestrial organic matter transported by the Tagus River outflow 
cannot be ruled out and might contribute to keep the 15N values more depleted 
than the mean marine sources values.  
6. Discussion 
 63 
The introduction of analysis of the isotopes in a biological element was 
important to perceive the extension of the sewage signal beyond the physical 
dispersion. Overall, results showed that all benthic taxa collected in the vicinity of 
the outfall presented depleted carbon and nitrogen isotope composition values, 
when compared to those collected farther away from the outfall. This is a similar 
trend as that shown by the sediment isotope composition values taking in account 
the higher enrichment with trophic level both in 13C (0 - 2‰, DeNiro and Epstein, 
1978; Fry and Sherr, 1984; Vander Zanden and Rasmussen, 2001; Post, 2002; 
Vanderklift and Ponsard, 2003; McCutchan et al., 2003; Yokoyama et al., 2005; 
Dubois et al., 2007) and 15N (2 - 4‰, DeNiro and Epstein, 1981; Peterson and 
Fry, 1987; Vander Zanden and Rasmussen, 2001; Post, 2002; Vanderklift and 
Ponsard, 2003; McCutchan et al., 2003; Yokoyama et al., 2005; Dubois et al., 
2007; Abrantes and Sheaves, 2010). This depletion was either restricted to very 
few sites, like in the Crustacean Ampelisca sp., or not, like in the Bivalve Abra alba 
and the Polychaetes Nephtys sp. and Pectinaria (Lagis) koreni. It reflects the entry 
of sewage-derived terrestrial organic matter into the food web through assimilation 
by the benthic fauna. Other studies have reported such benthic assimilation of 
sewage-derived organic matter, both in field (Conlan et al., 2006; Spies et al., 
1989; Van Dover et al., 1992) and in laboratory mesocosm experiments (Gearing 
et al., 1991). Species use of the available sewage organic matter diminishes with 
increasing distance from the outfall, as reflected in their flesh 13C and 15N 
values. These values enrich gradually with increasing distance from the outfall due 
to the increased mixing with marine autochthonous sources and to less availability 
of the dispersed sewage organic matter either in the surface sediment or in 
suspension in the water column. At larger distances, the contribution from 
sediment marine detritrus, plankton (13Cmean, -21‰, range -24‰ to -18‰; 
15Nmean, +6‰, range +4‰ to +9‰, Fry and Sherr, 1984; Tucker et al., 1999) and 
benthic microalgae (13Cmean, -14.9‰, range -8.5‰ to -20.6‰; 15Nmean, +2.2‰, 
range -1.0‰ to +6.1‰ Currin et al., 1995) should be higher according to the 
gradual increase in the stable carbon and nitrogen isotopic values while fading the 
sewage isotopic signature. This is noticeable in this study for most of the species. 
However, the presence of a large estuary in the vicinity of the study area also 
6. Discussion 
 64 
contributes with a considerable terrestrial organic matter input and masks the 
sewage fading signal, particularly in the areas characterized by the presence of 
estuarine mud sediments.  
Abra alba isotopic analysis showed more depleted isotope composition values 
close to the outfall (area A, 13C, -22.4  1.0‰; 15N, +4.9  0.2‰). The isotope 
composition values become more enriched with increasing distance from the 
outfall and show variation between the areas closer to the outfall and the farthest 
areas, particularly remarkable in the carbon isotope. This variation could be 
related with a change in the species feeding mode with distance from the outfall 
and nutrient availability decrease. Dame (1996) denotes that Abra alba can switch 
back and forth from suspension-feeding and deposit feeding, depending upon the 
conditions of the environment. In fact the species may take advantage of the 
turbidity occurrence or detritus ‘rain’ near the outfall to assimilate, directly from the 
water column, food which has a larger contribution from sewage-derived terrestrial 
organic matter, therefore having more depleted carbon isotope composition 
values. Waldron et al. (2001) reported -20.5‰ for 13C values and +6.6‰ for 15N 
values for a similar species, Abra nitida, beneath a sewage outfall (0 m) 
discharging in the Firth of Forth into a maximum water depth of 12 m. These 
values are similar to the ones we obtained for Abra alba at 500 m away from the 
outfall. They also found an increase in the species isotope composition values with 
increasing distance from the outfall and although the nitrogen amplitude was 
similar to ours, the carbon variation was lesser. Abra alba isotope composition 
values in the farthest areas are closer to those reported for that species in Santa 
Giusta Lagoon, an organic-enriched system connected to the sea to allow nutrient 
removal from sewage industrial discharges, recovering from a dystrophic event in 
the summer of 2004 (13C, -16.1  0.1‰; 15N, +9.4  0.1‰; Magni et al., 2008). 
The Polychaete Nephtys sp. isotopic pattern was similar to that shown by Abra 
alba and it cannot be ruled out the possibility that Nephtys sp. might also be 
feeding on young Abra alba specimens, particularly in the sites located close to 
the oufall, which presented very depleted carbon isotope composition values. 
Fauchald and Jumars (1979) consider the Nephtyids as motile predators feeding 
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on small invertebrates such as Molluscs, Crustaceans and other Polychaetes. This 
mobility also explains the larger scatter of their isotope composition values when 
compared to those of Abra alba. This taxon showed a high depletion of carbon and 
nitrogen isotope composition values up to 500 m from the outfall (13C, -21.5  
0.5‰), higher than that reported in other similar studies. Waldron et al. (2001) 
found a 13C value of -18.7‰ in Nephtys incisa, beneath their studied sewage 
outfall, very close to the values here reported for areas C (13C, -19.0  0.5‰) and 
D (13C, -18.8  0.5‰). However, even though 13C are more depleted, which 
could reflect the species diet and mobility, 15N values for this species in area D 
(15N, +10.6  0.3‰) are close to those reported for Nephtys caeca in a large 
sedimentary muddy bank known as the ‘Grande Vasière’ in the northern 
continental shelf of the Bay of Biscay at depths between 80-130 m (13C, -16.2  
0.5‰, 15N, +11.1  1.0‰ Le Loc’h et al., 2008). 
Pectinaria (Lagis) koreni carbon isotope composition values found in this 
study close to the outfall (area A, 13C, -23.0  0.2‰) are much more depleted 
than those found in Pectinaria californiensis around the Los Angeles County outfall 
(13C, -21.6‰; Spies et al., 1989) but become more enriched as distance from the 
outfall increases (area C, 13C, -20.0  0.2‰). Spies et al. (1989) also found more 
enriched 13C values away from the outfall in a reference site off Santa Barbara 
(13C, -18.0‰). Pectinaria (Lagis) koreni is known to be a selective subsurface 
deposit feeder (Dobbs and Scholly, 1986) and could benefit from the contribution 
of sewage-derived terrestrial organic matter deposited in the outfall surroundings 
and buried terrestrial organic matter from river overflows. This synergism might 
explain the still considerable depleted isotope composition values reported here at 
area B, 500 - 1000 m away from the outfall (13C, -22.2  0.6‰; 15N, +3.8  
0.8‰) compared to the other studied species.  
Ampelisca sp. showed less depletion and more variation in the carbon 
isotopic values in area A (13C, -21.0  1.4‰) than the other species. This could 
be a reflection of its water column suspension-feeding activity altering from a diet 
either richer in the outfall plume or in seawater, richer in marine primary producers 
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(plankton and benthic microalgae). In the Boston Harbour, subjected to domestic 
and industrial wastes discharges, Tucker et al. (1999) also found that Ampelisca 
sp., fed primarily by suspension-feeding, had enriched 15N values in comparison 
to a similar Amphipod, Leptocheirus pinguis, with deposit-feeding strategy.  
Spies et al. (1989) reported 13C and 15N values of -18.7‰ and +7.5‰, 
respectively, in Glycerids around the Los Angeles County outfall, more enriched in 
13C values than those we found in area A (13C, -20.5  0.7‰) but close to the 
values reported here for area B (13C, -18.6  1.0‰; 15N, +7.7  0.7‰), However, 
the carbon and nitrogen isotope composition values found for the Polychaete 
Glycera sp. in area C (13C, -17.2  0.1‰; 15N, +9.3  0.8‰) are very close to 
those reported by the same authors in their reference site in Santa Barbara (13C, 
-17.6‰; 15N, +10.9‰).  
Nassarius reticulatus also showed depleted carbon isotope composition 
values in area A (13C, -19.8  0.5‰) which become enriched with distance to the 
outfall, particularly in area C (13C, -17.8  0.6‰), due to the availability of other 
more enriched carbon sources. In a mesocosm experiment, Gearing et al. (1991) 
found that most of the diet of Nassarius trivittatus was comprised of sludge-derived 
carbon responsible for their highly depleted 13C values in comparison to the 
control (13C, -22.7 vs. -17.8‰). 
Some Glycera, like Glycera alba, have a preference for moving prey 
(Fauchald and Jumars, 1979) and the gastropod Nassarius reticulatus prefers 
carrion and is a highly mobile species (Britton and Morton, 1994). The isotopic 
signatures found in this work for both taxa at area A and B could reflect the 
influence of their moving preys or feeding activities inside and outside the outfall 
surroundings at the time of sampling because of the slow isotopic muscle tissue 
turnover (Sweeting et al., 2005). This influence in turn might reflect in their isotopic 
signatures giving rise to a more dispersive pattern as shown by both taxa, 
particularly when concerning their nitrogen isotope composition values.  
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The results presented in this study show that different feeding strategies can 
have different responses to the entry of a new food source in the aquatic system. 
Deposit feeders and their predators showed an isotopic signal that reflects the use 
of the available new food source in the surrounding sediments. Van Dover et al. 
(1992) found that sewage-derived organic matter reaches the seafloor and enters 
the food web as a result of consumption by surface deposit feeders. Darnaude et 
al. (2004), when studying a coastal benthic food chain in the immediate vicinity of 
the Rhône River mouth, concluded that surface deposit-feeding, subsurface 
deposit-feeding and carnivorous Polychaetes were mostly exploiting organic 
matter of continental origin, whereas most other macrobenthic consumers derived 
their carbon mainly from marine phytoplankton. Similar results were obtained by 
Carlier et al. (2007) in the study of a benthic food chain of the Bay of Banyuls-sur-
Mer. Gearing et al. (1991) found that the uptake of sludge was highly variable 
between predator species. This is in agreement with the results reported here, 
among the carnivores/omnivores and the scavengers, which presented high 
isotopic variability both close and far away from the outfall (cf. Fig. 10). Our results 
also suggest that suspension feeders could be filtering less the outfall plume and 
more the seawater and that reflected in their enriched isotopic signals. This is in 
agreement with results reported by Conlan et al. (2006), who also found that 
suspension feeders were using other sources and only a small proportion of 
sewage C and N was assimilated. Scavengers feeding preferences and mobility 
also contributed for the broader dispersal of the sewage isotopic signal noticed for 
this guild in this study. Britton and Morton (1994) consider that the scavenging 
behaviour is coupled with one or more additional feeding strategies because 
carrion availability is largely unpredictable both spatially and temporally to provide 
for their daily needs. Differences in food consumption, mode of assimilation or 
fractionation during food processing (Hart and Lovvorn, 2002; Vanderklift and 
Ponsard, 2003; Caut et al., 2009), can be responsible for this variability. Gearing 
et al. (1991) even hypothesized that, due to the large isotope composition data 
variability in Nassarius trivittatus, this species could be ingesting sludge particles 
directly.  
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The gradient of increasing isotopic enrichment noticed with increasing 
distance from the outfall reflects the species feeding strategies. In area A, the 
feeding strategy is dominated by depleted sewage-derived organic matter and in 
area B, the feeding strategy reflects a mixture of food sources, not dominated by 
the sewage source, but where it can still be traced. In area C, the food source for 
the benthic communities is dominated by a marine origin of the organic matter 
while in area D it is possible to also include an estuarine origin in the food sources 
for the benthic community. 
The macrobenthic community structure and species distributions found in our 
study area could be correlated with sediment grain size and organic matter 
content. Various studies worldwide have provided strong evidence of a close 
association between macrofauna and sediment types and some state that organic 
content may be a more likely causal factor than sediment grain size in determining 
benthic distributions because organic matter in sediments is a dominant source of 
food for deposit feeders and, indirectly (e.g. through resuspension), for suspension 
feeders (see review in Snelgrove and Butman, 1994). The benthic community 
species composition and abundance were significantly different in the area closest 
to the outfall, where it was dominated by opportunist species, tolerant to organic 
enrichment. With increasing distance, the opportunists diminish their importance 
and the sensitive species regained the dominance of the benthic community. This 
scenario is found worldwide. Opportunist species set the first stages of an 
ecological succession due to their tolerance to inhospitable habitats and often 
create favourable conditions for sensitive species to establish (Pearson and 
Rosenberg, 1976, 1978; Hily and Glémarec, 1990; Grall and Glémarec, 1997).  
Several indicators used in this study diagnose organic enrichment of the 
seafloor in the area located closer to the outfall: the negative redox potential of the 
superficial sediment, very fine clean sand, indicating a reduced environment 
(indirect evidence), the benthic macrofauna species abundance alterations, with 
the dominance of first-order opportunists (indirect evidence), and depleted carbon 
isotope composition, in the superficial sediment and the benthic macrofauna, 
indicating the terrestrial origin of the organic matter in the sediment and 
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assimilated by the fauna (direct evidence). Enrichment was noticed in the carbon 
stable isotope composition values in the superficial sediments and macrofauna 
species (Abra alba, Nephtys sp. and homogenized fauna), at 500 m from the 
outfall but only Abra alba showed significant differences in nitrogen stable isotope 
composition values between the areas. This could indicate a sewage-derived 
depleted nitrogen signal at farther distances, but this is unclear at this point.  
Nonetheless, the analysis of the biotic indices showed that these were not 
effective at showing benthic alterations associated with the organic enrichment 
despite some being based on species tolerance/sensitivity thresholds to this type 
of disturbance. Previous studies have attributed a poor performance of AMBI to 
the ecological group assignment (Muniz et al., 2005; Albayrak et al., 2006; 
Labrune et al., 2006), especially when the disturbance agent is not related to 
organic enrichment. This classification is based on experts’ judgement or studies 
related to organic enrichment but a lot of species lack sensitivity studies to other 
types of disturbances (Labrune et al., 2006). Some authors proposed a higher 
classification for some species, namely, Ditrupa arietina (Labrune et al., 2006), 
Ampelisca diadema (Albayrak et al., 2006), Diopatra cuprea (Bigot et al., 2008), 
considered as group I in the AMBI classification or Nematoda (Muniz et al., 2005), 
considered as group III. In our study, Diopatra marocensis also points out for a 
higher classification due to its higher abundance close to the outfall and tolerance 
to organic enrichment (Rodrigues et al., 2009). Salas et al. (2004) also refer the 
need of reviewing the species classification in AMBI and Simboura and 
Reizopoulou (2007) argued that the AMBI boundaries in the Moderate/Good class 
are too wide, giving the index a better performance in some situations. In our case, 
all the samples were classified in ‘Good’ or ’High’ quality status. Other studies 
have emphasize that the use of AMBI alone fails to highlight some anthropogenic 
pressures (Muxika et al., 2005; Quintino et al., 2006) but in conjunction with other 
metrics, like in the case of M-AMBI, proves to be a valid option (Borja et al., 2008, 
2009). Van Hoey et al. (2008) found that M-AMBI was not correlated with the 
AMBI biotic coefficient but mainly with Shannon diversity and the species richness 
components. Consequently, M-AMBI evaluation was mainly weighed by the 
changes in the diversity/richness indices. These however can be influenced by 
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seasonal natural variability, habitat type, sample size and sampling methodology 
(Reiss and Kröncke, 2005; Salas et al., 2006), making it a poor measure of 
biodiversity (Warwick and Sommerfield, 2008).  
According to the present study, biotic indices may cause essential information 
to be lost and hence, impair our diagnostic capability and should be used with 
care. The analysis of the full species composition data set gave a more valuable 
picture of the environmental disruption and specific descriptors such as stable 
isotopes allowed a good understanding of the spatial extent associated with the 
organic enrichment. The carbon stable isotope composition analysis of the 
homogenised biological benthic material, instead of species level analysis, 
provided a rapid diagnostic for the detection of the organic enrichment occurring in 
this coastal area. 
7. Conclusion 
 71 
7. Conclusion 
Carbon and nitrogen stable isotopes proved to be a valid approach to point out 
the influence of multiple organic enrichment sources in coastal sediments and 
benthic populations. The stable isotope analysis performed on the bulk sediment 
permitted to clarify the extension of the sewage impact in the sediments and 
confirm that such influence is traced at up to 250 m away from the diffusers. 
Species isotopic signal was clearer than the sediment isotopic signal itself, as 
sediment type acted as a confounding factor in the analysis of nitrogen. All studied 
species revealed the incorporation of sewage organic matter in their tissues both 
in terms of carbon and nitrogen up to 500 m from the outfall. Here the more 
depleted isotope composition values diagnosed a terrestrial origin of the organic 
matter being consumed by the benthic community. A gradient of increasing 
isotopic enrichment was noticed with increasing distance from the outfall reflecting 
the species feeding strategies. In general, depositivores and carnivores/omnivores 
gave a valuable picture, arguably the best, of the extension of the sewage 
dispersion and incorporation into the food web. Abra alba, Nephtys sp. and 
Pectinaria koreni were reliable tracers of the input of terrestrial organic matter into 
this marine system, and prove to be good choices for future monitoring programs. 
Nevertheless, the range of single variable and multivariate biotic indices used in 
this work did not detect alterations associated with organic enrichment, even 
though some of the indices, namely AMBI, are based on a species 
tolerance/sensitivity classification to this type of disturbance. Other descriptors 
demonstrated this categorically. The redox potential was significantly lower in the 
area closest to the outfall, indicating that the degradation of the organic matter 
input into the system is creating reduced conditions in the sediment. The depleted 
stable isotope composition values in the Bivalve Abra alba, in the Polychaete 
Nephtys sp. and in a composite sample of benthic species, also significantly 
differentiated the area closest to the outfall. The benthic community species 
composition and abundance were also significantly different in the area closest to 
the outfall, where it was dominated by opportunist species, tolerant to organic 
enrichment. Although this case study may reflect mild organic enrichment, given 
7. Conclusion 
 72 
that no physical sediment alterations nor organic accumulation were detected, and 
that no significant impoverishment of the benthic community was detected in the 
areas close to the outfall, the analysis performed at the level of the synthesis 
indices could lead to managers and decision makers underestimating the actual 
situation.  
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Sediment descriptors (grain size, total volatile solids, redox potential) and stable carbon and nitrogen iso-
topes were used to trace the origin of organic matter in a coastal area under multiple organic enrichment
sources (urban outfall and a major estuary). The sediments fines content and total volatile solids were
similar to outfall pre-operation period (1994), but the incorporation of terrestrial organic matter within
the sediments located closer to the outfall was diagnosed by depleted 13C values (24.2 ± 0.38‰) and 15N
values (2.4 ± 0.93‰). Data also indicated depleted nitrogen signature at larger distances from the outfall
than the carbon signature, due to confounding sediment grain size properties. Analysis in the bivalve Abra
alba gave the same results for both isotopes and thus allowed a coherent interpretation of the spatial
extent of the organic enrichment, highlighting the importance of bringing a biological element into the
environmental assessment.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Organic enrichment and contaminant inputs from urban and
industrial sewage effluent discharges, aquaculture waste, storm
water and agriculture runoff, have become common stressors to
the marine environment, and in particular to the sedimentary hab-
itat and biotopes (Pearson and Rosenberg, 1978; Sweeney et al.,
1980; McClelland and Valiela, 1998; Kauppila et al., 2005; Tewfik
et al., 2005; Vizzini and Mazzola, 2006).
The extent and dispersal of anthropogenic inputs depend
namely on the quantity and type of waste, local hydrography,
hydrodynamic regime and other environmental features of the dis-
posal area (Sarà et al., 2006; Vizzini and Mazzola, 2006). Organic
matter concentrations in sediments, in particular, may depend on
the deposition rate, the nature of organic sources and their flux
rates, their preservation potential during transport and burial, min-
eralization and degradation (Owen and Lee, 2004; Ogrinc et al.,
2005; Gao et al., 2008). The sedimentary organic matter is a heter-
ogeneous and complex mixture of organic compounds with differ-
ent chemical characteristics, originating from different sources
(Tesi et al., 2007). Stable isotopes techniques can help to identify
the origin of organic matter by discriminating between terrestrial
and marine sources (Deegan and Garritt, 1997; Vizzini and Mazzo-
la, 2003; Ogrinc et al., 2005; Vizzini et al., 2005; Usui et al., 2006;
Tesi et al., 2007; Gao et al., 2008). The stable isotope approach con-All rights reserved.
: +351 234372587.
).siders the existence of differences among natural abundances of
carbon and nitrogen stable isotopes and C/N elemental ratios in or-
ganic matter from terrigenous and marine origin (Liu et al., 2006).
This approach relies on the assumption that isotopic and C/N ratios
from sedimentary organic matter are conservative and that their
natural distribution reflects the mixing of material from distinct
end-member sources (Machás et al., 2003; Liu et al., 2006). In gen-
eral, terrestrial organic matter has depleted d13C and d15N values
when compared to marine organic matter (Vizzini et al., 2005).
As such, a typical sewage effluent may present d13C values in the
range of 22.4‰ to 26.5‰ and d15N values between +1.8‰ and
+3.8‰ (Sweeney et al., 1980; Spies et al., 1989; Gearing et al.,
1991; Van Dover et al., 1992; Rogers, 1999; Conlan et al., 2006)
whereas marine organic matter presents d13C values in the range
of 18‰ to 24‰ and d15N values between +4‰ and +9‰ (Fry
and Sherr, 1984; Tucker et al., 1999).
The different isotopic composition of organic matter in sewage
waste, relative to the marine autochthonous organic matter, may
help to trace the extension of sewage waste in coastal areas. In fact,
stable isotopes studies have supplied evidence of sewage particu-
lates accumulation in sediments and subsequent incorporation in
marine food webs (Van Dover et al., 1992). Consequently, this
method has been successfully used to indicate sediment recovery
to background values after cessation of sewage discharges (Tucker
et al., 1999). Nevertheless, some studies have reported no signs of
sewage impact on the sediments while detected on the biota (Wal-
dron et al., 2001). Also, when looking for carbon and nitrogen sig-
natures to trace the origin of organic sources to the coastal
L. Sampaio et al. /Marine Pollution Bulletin 60 (2010) 272–282 273sedimentary environment, few studies include data on baseline
variables, such as grain size or total volatile solids, nor discuss their
potential confounding role. Gao et al. (2008) namely found a linear
correlation in uncontaminated estuarine and coastal sediments be-
tween carbon and nitrogen stable isotopes and mean sediment
grain size and considered this factor to be of influence to the isoto-
pic distributions.
In this study, carbon and nitrogen stable isotopes were used to
trace organic sources to sediments in a coastal shelf area off Lisbon
subject to organic matter inputs from an urban wastewater marine
outfall serving a population around 800,000, the largest in Portu-
gal, from the Tagus River, the largest in the Iberian Peninsula,
and from autochthon primary production (Silva et al., 2004). At
the moment of conducting this study, the effluent from the waste-
water marine outfall only received a preliminary treatment mainly
consisting in the screening and removal of grit and non-degradable
materials. Before released into the coastal area, the effluent passes
through a series of sand retention and sieving systems, the last of
which corresponds to a rotating drum equipped with a 5 mm sieve.
This situation will soon be altered as an enhanced primary treat-
ment coupled to a disinfection system is about to enter into oper-
ation. Previous studies have shown no organic matter
accumulation near the outfall discharge area or a relevant alter-
ation of sediment properties and contaminants concentrations,
with the exception of a proximate redox potential decrease when
compared to the reference situation (Quintino et al., 2001), denot-
ing the dispersive rather than accumulative characteristics of this
coastal area. Also, although the outfall diffusers are located in an
area of fine sand with less than 5% fines content, with increasing
depth or towards the Tagus Estuary this sediment gradually shifts
to very fine sand with larger fines content and to mud with fines up
to 80% of the total sediment (Freitas et al., 2006). The potentially
confounding role of such heterogeneous seabed seascape in the
patterns of the stable isotopes is addressed in this study.Sp
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Fig. 1. Study area showing the positioning of the double branch marine outfall and the 3
which 4 replicate samples were taken for the study of the sediment isotopic composition.
and 20; A5 = sites 19, 25 and 28.2. Methodology
2.1. Study area and sampling
The study area is located in the coastal shelf off Lisbon at water
depth ranging from 30 to 90 m. A marine sewage outfall is placed
about 15 km west of the mouth of the Tagus estuary and the efflu-
ents are discharged in the final 400 m of a double branch system,
approximately between 2350 and 2750 m offshore at an average
depth of 40 m. A baseline characterization of the sediments in
the study area prior to the operation of the outfall was undertaken
in 1994 and is reported namely in Quintino et al. (2001) and Silva
et al. (2004). All 20 sampling sites described in those studies were
revisited in this study, which also includes samples taken in extra
10 sites (21–30), 1 replicate per site, positioned according to Fig. 1.
The sediment baseline characterization included grain size, total
volatile solids and on board measurement of redox potential. These
samples were used to describe the overall seabed seascape in the
study area and to assist the decision of where to take replicate
samples for the subsequent sediment analysis including the isoto-
pic composition. An additional 60 sediment samples were then ta-
ken, in 15 sites arranged in 5 areas placed at increasing distance
from the outfall, 3 sites per area and 4 replicates per site (cf.
Fig. 1). Sediment grain size, total volatile solids, redox potential
and carbon and nitrogen isotopes were determined in these 60
samples. For the isotopic analysis and the total volatile solids
determination, sediment samples were collected from the upper
5 cm layer and stored in Whirl-Pak bags and frozen on board at
20 C. The remaining sediment was washed on board over a
2 mm-mesh sieve in order to collect a representative species of
the resident macrofauna community, also for the analysis of car-
bon and nitrogen isotopes. All sediment samples were collected
using a 0.1 m2 Smith-McIntyre grab. The macrofauna sample was
stored in Whirl-Pak bags and immediately frozen at 20 C. The20
Kilometers
Lisbon
Tagus 
estuary
9°26'0"W 9°24'0"W
20 m
30 m50 m
10 m
30
29
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18
0 sampling sites, indicating the 5 areas (A1 to A5) and the 15 sites (white circles), at
A1 = sites 3, 4 and 5; A2 = sites 6, 8 and 10; A3 = sites 18, 23 and 27; A4 = sites 15, 16
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the species presence in the majority of the 15 sampling sites. Spec-
imens of the bivalve Abra alba were selected for this analysis.2.2. Laboratory analysis
Sediment grain size was analyzed by wet and dry sieving, fol-
lowing the procedure described in Quintino et al. (1989). The silt
and clay fraction (fine particles, with diameter below 0.063 mm)
and the gravel fraction (particles with diameter above
2.000 mm), were expressed as a percentage of the total sediment,
dry weight. The sand fraction (0.063–2.000 mm) was dry sieved
through a battery of sieves spaced at 1 phi (/) unit interval (/
= log2 the particle diameter in mm). Total volatile solids were
determined on 1 g of sediment sample, dried at 60 C, by loss on
ignition at 450 C during 5 h (Byers et al., 1978). Redox potential
was measured on board with dedicated probes, before emptying
the grab, at 4 cm from the sediment surface (Pearson and Stanley,
1979).
A. alba specimens were sorted and immediately frozen until
preparation for isotopic analysis. Isotopic analysis followed a mod-
ification of the procedures described in Teece and Fogel (2004) and
Carabel et al. (2006). The sediment samples were dried at 60 C to
constant weight, and ground to fine powder with a grinding mill,
for approximately 5 min, to ensure homogenization. The ground
sediments were treated for carbonate removal by acidifying sub-
samples of 0.15 g with drop-by-drop addition of 1 M HCl (Ryba
and Burgess, 2002). The cessation of bubbling was used as a crite-
rion to determine the amount of acid to add (Jacob et al., 2005; Car-
abel et al., 2006). Acidified samples were agitated for 1 h using an
ultrasonic cleaner containing Mili-Q water to facilitate the acid
digestion and were left in the acid solution to settle for another
2 h. Subsequently they were rinsed 3 times with Mili-Q water for
1 h to eliminate acid remains. All samples were re-dried at 60 C
to constant weight, ground and stored in glass vials to be analyzed.
For the bivalve, the specimens (size range: 5.7–16.7 mm) were re-
moved from their shells and muscle tissue from the foot was dis-
sected for analysis. Animal tissue samples for d13C and d15N
analysis were rinsed several times with Mili-Q water to wash away
dirt and debris. Animal samples were also dried at 60 C to a con-
stant weight but were homogenized using a mortar and pestle. In
order to minimize the influence of lipids upon the determination
of d13C (Bodin et al., 2007), these were removed by immersion of
the ground samples in a chloroform–methanol solution (2:1) (Tee-
ce and Fogel, 2004). Within a given sample, individuals from the
same species were pooled to ensure that sample mass was suffi-
cient to enable isotope analysis. In the sites where the species
was collected, the biological material was sufficient to analyze
one sample per site.
The isotopic compositions (d13C and d15N) were measured on
animal samples weighted from 1 to 3 mg and sediment samples
weighted from 10 to 20 mg, according to variable content of C
and N, with a stable isotope ratio mass spectrometer (IsoPrime,
GV Instruments, Manchester, UK), operating in continuous-flow
method coupled to an elemental analyzer EuroEA (Eurovector, It).
Isotopic ratios for carbon and nitrogen were calculated using the
standard d notation:
dX ¼ ððRsample=RreferenceÞ  1Þ  1000 ð‰Þ
where X = C (carbon) or N (nitrogen) and R = 13C/12C for carbon and
15N/14N for nitrogen. The reference for carbon was Vienna Pee Dee
Belemnite (VPDB) with an assigned d13C value of 0‰. The reference
for nitrogen was atmospheric nitrogen that has also been assigned a
d15N of 0‰. The analytical precision for the measurement was 0.2‰
for both d13C and d15N.2.3. Data analysis
For each sampling site, the amount of sediment in each grain size
class was expressed as a percentage of the whole sediment, dry
weight. The data were used to calculate the median value, P50, ex-
pressed in phi (/) units, corresponding to the diameter that has half
the grains (dryweight) finer and half coarser. Given that no detailed
grain size analysis was performed for the fines fraction (particles
with diameter below 63 lm), the median could not be calculated
for the samples with more than 50% fines content. These sediment
samples were classified as mud. Sands (sediments with less than
50% fines) were classified using the median, expressed in phi (/)
units, according to the Wentworth scale (Doeglas, 1968): very fine
sand (median between 3–4 /); fine sand (2–3 /); medium sand
(1–2 /) or coarse sand (0–1 /). The final classification adopted the
description ‘‘clean”, ‘‘silty” or ‘‘very silty”, when fines were ranging
from 0% to 5%, from 5% to 25%, and from 25% to 50%, respectively, of
the total sediment, dry weight (Quintino et al., 1989).
The sediment baseline data per site for the characterization of
the study area includes the variables: gravel, sand, fines, median,
total volatile solids and redox potential. These data were analyzed
by classification and ordination analysis using the software PRI-
MER v6 (Clarke and Gorley, 2006). The normalized Euclidean dis-
tance was used to produce a [sites  sites] distance matrix
submitted to classification analysis using the average-clustering
algorithm and to ordination analysis using non-metric multidi-
mensional scaling (NMDS). The NMDS diagrams are accompanied
by a stress value which quantifies the mismatch between the dis-
tances among data points in the Euclidean distance matrix and in
the ordination diagram. Ordination diagrams with stress value be-
low 0.10 are considered to represent very accurately the original
distance matrix (Clarke and Warwick, 2001).
The data from the 15 sites organized in areas at increasing dis-
tance from the outfall, (cf. Fig. 1), were analyzed according to a
two-way hierarchical design, with sites nested in areas and these
as the main, fixed factor using permutation multivariate analysis
of variance (Anderson, 2001a), employing the PERMANOVA+ add-
on in PRIMER v6 (Anderson et al., 2008). This method allows parti-
tioning the variability from a dissimilarity matrix, in this case ob-
tained with the Euclidean distance between samples, and tests
individual terms, including interactions, using permutations
(Anderson and ter Braak, 2003). A permutation test calculates the
probability of getting a value equal to or more extreme than an ob-
served value of a test statistic under a specified null hypothesis by
recalculating the test statistic after random re-orderings of the
data (Anderson, 2001b). The two-way nested design was used to
test the null hypothesis of no significant differences between the
areas, separately for the grain size, the total volatile solids, the re-
dox potential and the carbon and nitrogen isotopic composition
data. A simplified design was used to test the bivalve A. alba isoto-
pic data, given that a single sample was taken at each site. Because
the five areas comprehend a range of sediment types, the test for
differences between areas also included total volatile solids or fines
content as covariate. When using a covariate, a type I sums of
squares was always used, allowing fitting first the covariate. Signif-
icant terms were investigated using posteriori pairwise compari-
sons between the five areas with the PERMANOVA t-statistic and
permutations under a reduced model (Anderson et al., 2008).3. Results
3.1. Baseline sedimentary gradients
The distribution of the sediment types according to the median
and fines content is shown in Fig. 2. With the exception of site 21,
20 m
30 m50 m
10 m
Sediment classification
Clean fine sand
Clean medium sand
Silty fine sand
Clean coarse sand
Very silty very fine sand
Silty very fine sand
Mud
Fig. 2. Distribution of the sediment types in the study area, according to the median and the fines content.
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ner sediments. With increasing depth and towards the estuary,
sediments become finer and with higher fines content, ranging
from fine sand with less than 5% fines in sites surrounding the out-
fall, to mud with up to 80% fines content, in the sites located deeper
or closer to the estuary.
The results obtained from the classification and the ordination
analysis of the baseline sediment data are displayed in Fig. 3, which
also shows the distribution of the identified sedimentary affinity
groups in the study area. The mean values for the sediment grain
size, median, total volatile solids and redox potential, relative to
the identified affinity groups, are given in Table 1. The distribution
of the samples in the ordination diagram defines a sediment suc-
cession, from coarse sand to mud. Coarser sediments with the
highest redox potential values were observed in sites 21 and 13,
classified respectively as coarse and medium sand, both with fines
content below 1% (cf. Table 1). Site 12 and the sites in group A and
in group B correspond to fine sand with fines content below or
close to 5%. The difference between these 3 groups is related to
the redox potential (cf. Table 1). Very fine sand characterizes the
sites in group C and site 22, the later with higher fines content.
Group D includes all the sampling sites classified as mud, with
the highest values for fines content (>70%), total volatile solids
and the median grain size. The spatial distribution of the sedimen-
tary affinity groups (cf. Fig. 3) is in close agreement with the distri-
bution of the sediment types based in the median value alone (cf.
Fig. 2). Along the axis site 21? 13? 12? group A? B? C? site
22? group D, the superficial sediments show a gradual increase in
the median value, the fines content and the total volatile solids
content, with decreasing values of redox potential. Group A,
although correctly positioned along this gradient, both geographi-
cally and in terms of the sediment grain size and total volatile sol-
ids, presents much lower redox potential than the neighboring
groups. This is also seen in Fig. 4, representing the relationship be-
tween total volatile solids and fines content, and between redox
potential and total volatile solids. The relationship between total
volatile solids and fines content is strongly linear and direct. The
relationship between redox potential and total volatile solids was
also clear, although inverse, with the data obtained before the
operation of the outfall (cf. Fig. 4 and Quintino et al., 2001). As
shown in Fig. 4, present day samples, in particular the sandy sedi-
ments surrounding the outfall, show fines and total volatile solids
with similar values to the pre-discharge moment, but much lower,
even negative, redox potential values.
The sedimentary affinity groups shown in Fig. 3 were used to
assist the set-up of relatively homogeneous areas placed at
increasing distance from the outfall, where sediment samples were
taken for the detailed study of the carbon and nitrogen isotopic
compositions. These areas are named A1 to A5 and are shown inFig. 1. Area A1 comprises sites 3, 4 and 5, all included in the affinity
group A. Area A2 comprises sites 6, 8 and 10, all included in the
affinity group B. Area A3 corresponds to sites 18, 23 and 27, from
which site 18 is included in affinity group C and sites 23 and 27
in the affinity group B. Area A4 comprises sites 15, 16 and 20, all
included in the affinity group C. Area A5 includes sites 19, 25
and 28, all from affinity group D.
3.2. Carbon and nitrogen stable isotopes
At each of the 15 sites placed in the areas A1 to A5, 4 replicate
sediment samples were taken for the analysis of carbon and nitro-
gen isotopes, grain size, total volatile solids and redox potential.
Carbon and nitrogen isotopes were also measure in the bivalve A.
alba, in one replicate per site in areas A1 to A4, as the species
was not present in none of the sites of area A5, presumably due
to the high fines content of the superficial sediment. The mean val-
ues of each sediment descriptor in the 5 areas are given in Table 2
and show that these areas cross the full range of the sediment
types in the study area. As expected, all baseline sediment vari-
ables rejected the null hypothesis of no significant difference
among the areas. The PERMANOVA main test results show high
to very high significant differences among areas, over and above
significant differences among sites within areas (p < 0.01 or
p < 0.001), for grain size, total volatile solids and redox potential
(Table 3). The gradual grain-size modification from area A1 to A5
is indicated in the results of the pairwise comparisons, given in Ta-
ble 4, by an absence of significant differences between adjacent
areas, with increasing values of the t-statistic as the pairwise com-
parisons are made between areas located further apart from each
other (cf. Table 4, column A). A similar situation is shown by total
volatile solids, confirming the close relationship between this var-
iable and fines (cf. Table 4, columns A and B and Fig. 4). A rupture
in the sedimentary seascape is seen from areas A4 to A5, indicated
by the significant p-value in the comparison of the two areas (cf.
Table 4, columns A and B), and corresponds to a sediment change
from very fine sand with approximately 17% fines and 3% total vol-
atile solids content, to mud with over 75% fines and 6% total vola-
tile solids content (cf. Table 2). Grain size and total volatile solids
indicate no significant difference between areas A1, A2 and A3,
the closer to the outfall. A different conclusion is reached when
analysing redox potential, for which area A1 is significantly differ-
ent from all other areas (cf. Table 4, column C). Although there is a
potential linear relationship between total volatile solids and redox
potential (cf. Fig. 4, for the pre-operation period), the introduction
of total volatile solids as covariate in the analysis of the redox po-
tential had no effect on the main results, as shown in Table 3, and
only a little effect on the pairwise comparisons between areas,
with area A1 being still significantly different from most of the
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Fig. 3. Sedimentary affinity groups, shown in the (a) classification diagram, (b) NMDS ordination and (c) study area.
Table 1
Mean values for the sedimentary affinity groups identified by classification and ordination analysis, represented in Fig. 3. The affinity groups are presented in order of increasing
mean fines content. Eh – redox potential; TVS – total volatile solids. Group A = sites 2, 3, 4 and 5. Group B = sites 1, 6–11, 14, 17, 23, 24 and 27. Group C = sites 15, 16, 18, 20, 26
and 30. Group D = sites 19, 25, 28 and 29.
Affinity group Gravel (%) Sand (%) Fines (%) Median (/) Eh (mV) TVS (%)
Site 21 7.1 92.3 0.4 0.4 338 1.2
Site 13 0.3 99.1 0.5 1.1 313 1.3
Site 12 0.1 96.6 3.2 2.5 212 1.3
Group A 0.3 96.1 3.6 2.6 121.9 1.3
Group B 0.2 94.6 5.1 2.7 52.1 1.4
Group C 0.4 84.8 14.8 3.1 49.8 2.1
Site 22 0.3 64.9 34.8 3.7 42 2.6
Group D 0.2 27.5 72.3 >4.0 21.6 5.0
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Table 2
Sediment descriptors per area (A1 to A5, mean ± standard deviation; n = 12, except for A. alba, where n = 3). Eh – redox potential; TVS – total volatile solids; d15N – nitrogen stable
isotope; d13C – carbon stable isotope.
Descriptors Areas (sites)
A1 (3, 4, 5) A2 (6, 8, 10) A3 (18, 23, 27) A4 (15, 16, 20) A5 (19, 25, 28)
1 mm (%) 2.2 ± 0.79 1.6 ± 0.58 0.7 ± 0.34 0.9 ± 0.96 0.1 ± 0.03
0.5 mm (%) 4.2 ± 1.20 3.8 ± 1.28 1.8 ± 0.98 0.8 ± 0.52 0.2 ± 0.07
0.25 mm (%) 7.4 ± 2.30 7.9 ± 3.47 4.0 ± 1.78 1.8 ± 1.69 0.4 ± 0.33
0.125 mm (%) 61.3 ± 5.26 58.6 ± 4.27 56.5 ± 5.37 40.4 ± 10.52 4.6 ± 4.24
0.063 mm (%) 21.8 ± 3.46 24.3 ± 6.25 31.3 ± 5.35 38.8 ± 9.35 18.9 ± 3.94
Fines (%) 3.0 ± 0.60 3.7 ± 1.99 5.8 ± 2.67 17.2 ± 3.65 75.8 ± 6.72
Median (/) 2.6 ± 0.04 2.6 ± 0.12 2.8 ± 0.13 3.2 ± 0.16 >4.0
Eh (mV) 115.3 ± 37.96 45.6 ± 64.93 58.7 ± 42.44 48.3 ± 31.72 2.8 ± 29.09
TVS (%) 1.6 ± 0.20 1.5 ± 0.23 1.9 ± 0.32 3.1 ± 0.39 6.2 ± 0.29
d15N (‰) – sediment 2.4 ± 0.93 2.7 ± 0.74 2.8 ± 0.97 4.1 ± 1.10 4.6 ± 1.57
d13C (‰) – sediment 24.2 ± 0.38 23.4 ± 0.55 22.9 ± 0.43 23.2 ± 0.40 23.4 ± 0.42
d15N (‰) – A. alba 5.0 ± 0.21 6.0 ± 0.45 6.9 ± 0.50 7.8 ± 0.58 –
d13C (‰) – A. alba 22.4 ± 1.01 20.2 ± 0.50 18.7 ± 0.46 18.3 ± 0.35 –
L. Sampaio et al. /Marine Pollution Bulletin 60 (2010) 272–282 277others (cf. Table 4, columns C and E). This result reinforces the
much lower (negative) redox potential values observed in area
A1 when compared to the remaining areas (cf. Table 2). On the con-
trary, the total volatile solids significant differences between the
areas are almost all eliminated when fines content are introduced
as covariate in the model (cf. Table 3 and Table 4, column D).
Similar to the main test results for the baseline sediment vari-
ables, the nitrogen and carbon isotope composition values main
test results also show high significant differences (p < 0.01) among
the areas, but with no significant differences among sites within
the areas (cf. Table 3). The pairwise comparisons between areas
for the carbon isotope composition values show a clear distinction
between area A1 and all the others (cf. Table 4, column G), area A1
having more depleted d13C values (cf. Table 2). No distinction be-
tween areas A2 to A5 was detected for the carbon isotope compo-
sition values, excepting for a significant difference (p < 0.05)
between areas A3 and A5 (cf. Table 4, column G) due to more en-
riched d13C values in area A3 (cf. Table 2). The pairwise compari-
sons between areas for the nitrogen isotope composition values
isolate a group comprising areas A1, A2 and A3 (cf. Table 4, column
F), in which the overall mean value for d15N is 2.7‰, more depletedthan in area A4 (4.1‰) or in area A5 (4.6‰). This indicates that the
two isotopes isolate different areas surrounding the outfall where
they show the most depleted values, up to 250 m distance from
the diffusers for carbon and up to 1.5 km for nitrogen.
No obvious relationship exists between the pairwise results ob-
served for the carbon isotope composition values and the baseline
sedimentary descriptors. Note namely that areas A2 to A5, for
which no significant differences were found in the carbon isotope
composition values, cover the full range of sediment types existing
in the study area, from clean fine sand (area A2) to mud (area A5).
No such conclusion can be reached for the nitrogen isotope compo-
sition values, because the similarity among areas A1 to A3 and
their distinction from the other areas, closely resembles the super-
ficial sediments, with areas A1 to A3 corresponding to fine sand
with mean fines content ranging from 3% to 6%, area A4 corre-
sponding to very fine sand with 17% mean fines content and area
A5 to mud with over 70% mean fines content (cf. Table 2). This per-
ceived relationship between the sediment nitrogen stable isotope
composition and grain size is confirmed by introducing fines as
covariate in the analysis of the nitrogen data. Fines eliminate the
significance of the main factor (areas), as shown in the
Table 3
PERMANOVA results for the main tests. df – degrees of freedom; SS – sums of squares;
MS – mean square; p – significance level obtained under permutation (ns = non
significant).
Tests df SS MS Pseudo-F p
Grain size
Areas 4 77013 19253 55.088 0.0002
Sites (Areas) 10 3495 349.5 8.4979 0.0001
Residuals 45 1850.8 41.128
Total 59 82359
Total volatile solids
Areas 4 188.55 47.138 243.77 0.0001
Sites (Areas) 10 1.9337 0.1934 3.1256 0.0034
Residuals 45 2.784 0.0619
Total 59 193.27
Total volatile solids with fines content as covariate
Covariate 1 184.56 184.56 1236.7 0.0001
Areas 4 4.8342 1.2085 8.5053 0.0028
Sites (Areas) 10 1.3778 0.1378 2.4285 0.0217
Residuals 44 2.4964 0.0567
Total 59 193.27
Redox potential
Areas 4 250050 62512 11.126 0.0058
Sites (Areas) 10 56183 5618.2 5.4687 0.0001
Residuals 45 46231 1027.4
Total 59 352460
Redox potential with total volatile solids as covariate
Covariate 1 2549.6 2549.6 0.4616 0.5231 (ns)
Areas 4 249540 62386 12.567 0.0012
Sites (Areas) 10 54354 5435.4 5.1974 0.0003
Residuals 44 46015 1045.8
Total 59 352460
Nitrogen stable isotope
Areas 4 42.16 10.54 7.63 0.0057
Sites (Areas) 10 13.814 1.3814 1.1877 0.3244 (ns)
Residuals 45 52.341 1.1631
Total 59 108.31
Nitrogen stable isotope with fines as covariate
Covariate 1 28.844 28.844 19.881 0.0006
Areas 4 13.737 3.4343 2.5022 0.1112 (ns)
Sites (Areas) 10 13.44 1.344 1.1308 0.3527 (ns)
Residuals 44 52.294 1.1885
Total 59 108.31
Carbon stable isotope
Areas 4 10.892 2.7231 10.107 0.0031
Sites (Areas) 10 2.6943 0.2694 1.526 0.1569 (ns)
Residuals 45 7.9453 0.1766
Total 59 21.532
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nitrogen isotopic signature in the areas located closer to the outfall
is a response to a sediment characteristic or whether it can actually
reflect a terrestrial origin of the organic matter in these areas,
should then be better perceived in a biological element livingTable 4
Values for the t-statistic in the pairwise comparisons between areas (A1 to A5) for the analy
with fines as covariate; (E) redox potential with total volatile solids as covariate; (F) nitrog
***p < 0.001).
A B C
A1 vs. A2 0.6035 0.2638 3.7167*
A1 vs. A3 1.8354 1.2409 7.9361**
A1 vs. A4 3.7936* 10.444*** 8.5241***
A1 vs. A5 13.838*** 30.07*** 6.6131**
A2 vs. A3 1.2394 1.4195 0.3012
A2 vs. A4 3.1806* 10.44*** 0.0653
A2 vs. A5 12.436*** 29.582*** 1.0291
A3 vs. A4 2.4448 6.1654** 0.5289
A3 vs. A5 12.135*** 20.561*** 3.0628*
A4 vs. A5 8.0646*** 21.151*** 3.0656*there. This is shown in Fig. 5 (cf. also Table 2), representing the car-
bon and nitrogen stable isotope composition data analyzed in the
bivalve A. alba. The results obtained in this analysis show consis-
tently more depleted values for both isotopes in area A1, confirm-
ing the terrestrial origin of the food source for the species in the
areas closer to the outfall. Both carbon and nitrogen stable isotopes
data obtained with this species show high significant differences
(p < 0.001) among areas (Table 5). The pairwise comparisons be-
tween the areas also present similar results for both isotopes, dif-
ferentiating 3 groups comprised by area A1, area A2 and areas
A3 + A4 (cf. Table 5). This shows that the species tracks the carbon
and the nitrogen isotopic signals similarly and furthest than the
sediment itself. In the area closer to the outfall, A. alba mean d13C
values were around 22‰ and enriched to 20‰ in area A2. In
the farthest areas the carbon signal was closer to 18‰. For nitro-
gen, the mean d15N values enriched from 5.0‰ in area A1 to 6.0‰
in area A2 and close to 7.5‰ in areas A3 + A4 (cf. Table 2). We also
notice a larger amplitude in the data obtained with A. alba than
with the sediment. The ordination of the isotopic data for A. alba
(cf. Fig. 5), illustrates these results with a clear separation of the
samples representing area A1, area A2 and the superimpose be-
tween samples from areas A3 and A4.4. Discussion
In this study, baseline sediment descriptors namely the median,
fines content and total volatile solids gradually augmented with
increasing depth and towards the estuary, with the exception of re-
dox potential. In fact, the redox potential values reported in this
study for the fine sand sites located close to the outfall are much
lower (negative), when compared to those reported for the same
sites before the operation of this system, in the range of +200 mV
to +300 mV (Quintino et al., 2001). Knowing that the values here
reported for the fines content, median and total volatile solids con-
tent are within the same range as those reported for 1994, before
the outfall was operating (Quintino et al., 2001; Silva et al.,
2004), leads to the conclusion that this sewage discharge system
has not introduced significant alterations to the coastal sediments
as far as these baseline descriptors are concerned. The only alter-
ation is restricted to the area close to the outfall branches, possible
due to diminishing dissolved oxygen in the upper layers of the sed-
iment due to microbial processing of the organic input, as high-
lighted by the lower redox potential values.
The use of carbon and nitrogen stable isotopes data gave a new
insight to the identification and traceability of carbon and nitrogen
sources to sediment near and away from the outfall in this coastal
area. The surface sediments d13C values encountered close to the
outfall branches (24.2 ± 0.4‰, n = 12) are typical of sewage dis-
charges sites in coastal areas. Reinforcing a terrestrial origin, they
were similar or more depleted than values reported in sedimentssis of (A) grain size; (B) total volatile solids; (C) redox potential; (D) total volatile solids
en stable isotope; (G) carbon stable isotope (significance values: *p < 0.05; **p < 0.01;
D E F G
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Fig. 5. Carbon and nitrogen stable isotope composition values in the bivalve Abra alba in the study area and their joint representation on an ordination diagram.
L. Sampaio et al. /Marine Pollution Bulletin 60 (2010) 272–282 279or sludge for Cranston, Rhode Island (23.5 ± 0.4‰, n = 12, Gearing
et al., 1991), New Jersey (22.7 ± 0.1‰, n = 8, Van Dover et al.,
1992), Edinburgh, Scotland (23.2 ± 0.1‰, n = 16, Waldron et al.,
2001), Wellington, New Zealand (26.5 ± 0.1‰, Rogers, 2003),
and McMurdo Station, Antarctica (22.4 ± 0.1‰, n = 6, Conlan
et al., 2006). Our superficial sediment d15N values near the outfall
(2.4 ± 0.9‰, n = 12) are also similar or more depleted than those
found in San Pedro, California (2.5 ± 0.2‰, n = 4, Sweeney et al.,
1980), Deer Island, Massachusetts (3.3‰, n = 1, Tucker et al.,
1999), Wellington, New Zealand (2.3 ± 0.3‰, Rogers, 2003), and
McMurdo Station, Antarctica (3.8 ± 0.1‰, n = 3, Conlan et al.,
2006). Carbon and nitrogen isotope values in sludge and sediments
are very similar, as little alteration has occurred during sedimenta-
tion and microbial processing (Peters et al., 1978; Sweeney et al.,
1980).
A clear spatial pattern, following the origin of organic matter in-
puts from the sewage outfall has been observed, accordingly to the
spatial variation in both d13C and d15N in both sediments and in thebivalve A. alba. The stable isotope values reported in this study for
the areas located closer to the outfall are depleted in carbon and
nitrogen by comparison to the marine end-members (d13C mean,
21‰, range 24‰ to 18‰; d15N mean, 6‰, range 4–9‰, Fry
and Sherr, 1984; Tucker et al., 1999). These depleted values indi-
cate a direct sewage influence upon the superficial sediments near
the outfall branches due to the sewage terrestrial source composi-
tion, which no other studied variable was able to point out. For in-
stance, terrestrial C3 plants have more depleted d13C (mean, 28‰,
range 30‰ to 23‰, Fry and Sherr, 1984; Peterson and Fry,
1987) and d15N (mean, 3‰, range5‰ to 18‰, Hu et al., 2006) val-
ues that can produce a relatively high depletion in the sewage iso-
topic signal. Moreover, sewage is mainly composed of urea and its
hydrolyzed form, ammonia, which is 15N-depleted in relation to
d15N of marine nitrates. Part of this ammonia is lost through vola-
tilisation, inducing 15N-enrichement in the remaining ammonia
(Vizzini and Mazzola, 2004). In untreated or primary treated sew-
age, as is the case in the present study, this enrichment is smaller,
Table 5
PERMANOVA results for the main tests and values for the t-statistic in the pairwise
comparisons between areas (A1 to A4) for the analysis of Abra alba. df – degrees of
freedom; SS – sums of squares; MS – mean square; d15N – nitrogen stable isotope;
d13C – carbon stable isotope; significance: *p < 0.05; **p < 0.01; ***p < 0.001.
Source df SS MS Pseudo-F
Nitrogen stable isotope main test
Areas 3 13.08 4.36 21.012***
Residuals 8 1.66 0.2075
Total 11 14.74
Carbon stable isotope main test
Areas 3 31.203 10.401 25.735***
Residuals 8 3.2333 0.4042
Total 11 34.437
Pairwise comparisons
Areas d15N d13C
A1 vs. A2 3.4874* 3.4146*
A1 vs. A3 6.1828** 5.7991**
A1 vs. A4 7.9021** 6.6221**
A2 vs. A3 2.401 3.8032*
A2 vs. A4 4.2558* 5.2915**
A3 vs. A4 1.9654 1.1
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parison to secondary or tertiary treated sewage (Gaston and
Suthers, 2004). Away from the outfall d13C and d15N values started
to be more enriched either due to increase mixing with marine
autochthonous sources or to biogeochemical processes that cause
variable fractionation effects (Cifuentes et al., 1988). Our d13C val-
ues remain fairly constant in the remaining areas, although still
slightly depleted up to 3 km away from the outfall reflecting a
small mixing with marine organic matter. Moreover, the influence
of the Tagus estuary terrestrial organic matter inputs may also
have contributed to a higher depletion in the d13C values from
the sediments in areas located further apart from the outfall,
namely in the muddy sediments located offshore and closer to
the estuary. Conlan et al. (2006) found significantly depleted
d13C, 600 m down current of a sewage outfall in front of McMurdo
Station in Antarctica. Nitrogen isotopic values became more en-
riched away from the outfall and closer to the marine end-member
(mean, 6‰, Tucker et al., 1999) in the farthest areas. In our case,
the influence of sewage on this descriptor seemed still very strong
1.5 km away from the outfall. Other studies report sewage nitrogen
influence even further away from the point of discharge. Sweeney
and Kaplan (1980) found organic nitrogen to be predominantly of
sewage origin within 3 km of the outfall pipes near Whites Point
on the San Pedro shelf. In Himmerfjärden, the most elevated d15N
values were found within 10 km of the outfall (Savage et al.,
2004) and Tucker et al. (1999) noticed some sewage influence in
sediments at 15 km distance from the outfall in Massachusetts
Bay. On the other end, nitrogen isotopic values reached reference
values at a distance of 600 m near the McMurdo Station (Conlan
et al., 2006). These studies, however, either do not specify the char-
acteristics of the superficial sediments or explicitly mention their
grain size similarity, or do not relate the isotopic values to the
superficial sediment type. It is clear from our study that sediment
grain size may act as a confounding factor in the analysis of nitro-
gen. d15N more enriched values appeared in areas with finer sedi-
ments. This relationship has not always been observed. Usui et al.
(2006) namely, found a correlation between d13C and silt/clay con-
tent but not a similar correlation involving d15N, in superficial
uncontaminated sediments on the shelf and slope off Tokachi,
Western North Pacific. A recent study by Gao et al. (2008) showed
linear correlations between total organic carbon, total nitrogen,
and organic carbon and nitrogen stable isotopes in uncontami-
nated sediments with mean grain size. Nonetheless, Falcão and
Vale (1990) refer to higher rates of denitrification that occur inmud or sandy mud estuarine sediments and this process is associ-
ated with the enrichment of the remaining nitrate (Aravena et al.,
1993). Biogeochemical processes could be responsible for this
higher nitrogen enrichment (Cifuentes et al., 1988) but consider-
able mixing with marine organic matter can also be expected be-
cause these values are on the lower limit of the range (4–9‰;
Tucker et al., 1999) for organic matter marine sources. A mixing
with the terrestrial organic matter transported by the Tagus River
outflow cannot be ruled out and might contribute to keep the d15N
values more depleted than the mean marine sources values.
The introduction of analysis of the isotopes in a biological ele-
ment, the bivalve A. alba, was important to perceive the extension
of the sewage signal beyond the physical dispersion. The carbon
isotopic composition values become more enriched with increas-
ing distance from the outfall and show a remarkable variation be-
tween the areas closer to the outfall and the farthest areas when
compared to the sediment. This could be related with a switch in
the species feeding mode as we move away from the outfall and
nutrient availability decreases. Dame (1996) denotes that A. alba
can switch back and forth from suspension feeding and deposit
feeding, depending upon the conditions of the environment. In fact
the species may take advantage of the turbidity occurrence or
detritus ‘‘rain” near the outfall to assimilate, directly from the
water column, food which has a larger contribution from sew-
age-derived terrestrial organic matter, therefore having more de-
pleted values of carbon isotope, taking in account the carbon
isotope fractionation with trophic level (0–1‰, Fry and Sherr,
1984). At larger distances, the contribution from sediment marine
detritus and benthic microalgae (d13C mean, 14.9‰, range 8.5‰
to 20.6‰; d15N mean, +2.2‰, range 1.0‰ to +6.1‰, Currin et al.,
1995) is higher and gradually increases the carbon isotope values.
A similar trend can be seen in the nitrogen isotopic values taking in
account the higher enrichment with trophic level (3.4‰, Peterson
and Fry, 1987). There is a lower variation with increasing distance
from the outfall because variation between natural sources is smal-
ler with respect to the nitrogen isotope (Currin et al., 1995; Tucker
et al., 1999). Our species isotopic values in the farthest areas are
closer to those reported for that species in Santa Giusta Lagoon,
an organic-enriched system connected to the sea to allow nutrient
removal from sewage industrial discharges, after a dystrophic
event in the summer of 2004 (d13C, 16.1 ± 0.1‰; d15N,
+9.4 ± 0.1‰; Magni et al., 2008). Waldron et al. (2001) reported
20.5‰ for d13C values and 6.6‰ for d15N values for a similar spe-
cies, Abra nitida, beneath a sewage outfall (0 m) discharging in the
Firth of Forth into a maximum water depth of 12 m. These values
are similar to the ones we obtained for A. alba at 500 m away from
the outfall. They also found an increase in the species isotope val-
ues with increasing distance from the outfall and although the
nitrogen amplitude was similar to ours, the carbon variation was
lesser. The analysis of other benthic species stable isotopes could
offer a helpful insight towards the sewage-derived isotopic distri-
bution in this zone and the species behaviour or adaptation to
the various carbon sources in this coastal environment.
In conclusion, carbon and nitrogen stable isotope ratios analysis
were able to reveal the predominance of organic matter of terres-
trial origin near the outfall branches where no other direct variable
pointed out the influence of this discharge system to the coastal
sediments. Redox potential was so far the single indirect descriptor
capable of showing local alterations to the environmental condi-
tions in the vicinity of the outfall branches. Therefore the stable
isotope approach contributed to clarify the extension of the sewage
impact in the sediments and confirm that such influence is traced
at up to 250 m away from the diffusers, for sediment bound organ-
ic material, and at up to 500 m distance, in the flesh of the bivalve
A. alba. This study also reveals the importance of bringing a biolog-
ical element into the analysis, as sediment type acted as a con-
L. Sampaio et al. /Marine Pollution Bulletin 60 (2010) 272–282 281founding factor in the analysis of nitrogen. In conjunction with
other monitoring tools, isotopic analysis can thus strengthen the
ability of coastal resource managers to detect and quantify changes
in anthropogenic inputs to the aquatic systems (i.e., Bannon and
Roman, 2008), in particular when such inputs are mostly degrad-
able and, as in this case, discharged into a coastal area with disper-
sive rather than accumulative properties.
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Human activities in coastal and marine environments have re-
sulted in stresses across a range of trophic levels (Vizzini and Maz-
zola, 2006). In particular, sewage discharge has caused organic
enrichment with consequences to macrobenthic communities’
composition and structure (Pearson and Rosenberg, 1978). The
severity of such responses is mainly related to the dispersive vs.
accumulative properties of the receiving environment. A history
of studies to assess the health of aquatic systems have provided
many environmental indicators and indices based on marine mac-
robenthos, due to their inherent ability to integrate sediment qual-
ity, and helped managers when addressing the cause of
disturbances (Diaz et al., 2004; Quintino et al., 2006). Other
descriptors have also been regarded as suitable indicators of eco-
system status. Stable isotopes are an example, because their distri-
bution in flora and fauna reflects the integrated biogeochemical
cycling of elements plus the added effects of species-level interac-
tions within food webs (Fry, 2006). Carbon and nitrogen isotopes
provide a direct measure of the organic matter origin and can thus
put into context the sources of organic enrichment to the seafloor.
Stable isotopes can help measure whether implemented manage-
ment strategies actually work the way managers hope they should,
and the study of their variation among individuals or species could
be part of restoration attempts (Fry, 2006). However, the role ofll rights reserved.
iology, University of Aveiro,
veiro, Portugal. Tel.: +351
).
al. Carbon and nitrogen stable
.marpolbul.2010.06.003stable isotopes as a tool in long term ecosystem monitoring has
not been fully addressed (Bannon and Roman, 2008).
The study of carbon and nitrogen stable isotopes in certain spe-
cies has proven to be a useful tool for mapping the spatial extent of
sewage influence. Macroalgae (Costanzo et al., 2001), benthic de-
posit feeders (Van Dover et al., 1992) and generalist feeders (Wal-
dron et al., 2001) have been recommended, while suspension
feeders appear to record sewage input less faithfully (Conlan
et al., 2006). Because those guilds integrate complex trophic
chains, their isotope signatures can help to trace pathways of sew-
age-derived organic matter through the food web (Van Dover et al.,
1992; Vizzini and Mazzola, 2006) or even track contaminant tro-
phic transfer (Spies et al., 1989).
Anthropogenic organic matter can enter the food web through
primary producers’ assimilation of carbon and nitrogen sources
or direct consumption by consumers (Vizzini et al., 2005). As the
organic matter in sediments enters the food web, stable isotope
signatures should undergo small variations when passing through
the trophic levels (Post, 2002; Sweeting et al., 2005). From lower to
higher trophic levels, the isotope values tend to increase due to the
discrimination towards lighter isotopes during metabolism and
excretion (Peterson and Fry, 1987). It has thus been suggested that
d15N can be used to determine the trophic position of species along
food webs, because each trophic level is on average 2–4‰more en-
riched than its source of nitrogen (DeNiro and Epstein, 1981; Pet-
erson and Fry, 1987; Vander Zanden and Rasmussen, 2001; Post,
2002; Vanderklift and Ponsard, 2003; McCutchan et al., 2003;
Yokoyama et al., 2005; Dubois et al., 2007; Abrantes and Sheaves,
2010). A slight average enrichment of 0–2‰ in d13C with each tro-
phic level also allows d13C to trace carbon pathways in food webs
and organic matter sources (DeNiro and Epstein, 1978; Fry andisotopes in coastal benthic populations under multiple organic enrichment
2 L. Sampaio et al. /Marine Pollution Bulletin xxx (2010) xxx–xxxSherr, 1984; Vander Zanden and Rasmussen, 2001; Post, 2002;
Vanderklift and Ponsard, 2003; McCutchan et al., 2003; Yokoyama
et al., 2005; Dubois et al., 2007).
The best image of the ecosystem baseline isotopic composition
may be found at or near the base of the food web, as primary con-
sumers integrate the temporal isotopic variation of their food
sources (Mckinney et al., 2001). The consumer isotopic composi-
tion value varies with food composition, consumer species, frac-
tionation during food processing, trophic level and among
habitats in the same aquatic ecosystem (Hart and Lovvorn, 2002;
Vanderklift and Ponsard, 2003; Caut et al., 2009). Moreover, the tis-
sues isotopic signatures generally reflect the assimilated diet over
the period during which the tissue is synthesized, such that tissues
with different turnover rates will integrate dietary information
over different temporal periods (Sweeting et al., 2005).
Stable isotopes techniques can thus provide a means to identify
the contributions of sewage into food webs, eventually even before
increased nutrient availability leads to detectable changes in com-
munity structure (McClelland and Valiela, 1998). At the same time,
it enables a rapid assessment of the origin of organic matter assim-
ilated by animals and gives an overview of the energy flow through
food webs with relatively limited sampling effort.
This study was conducted in a coastal shelf area with dispersive
characteristics, located off the Tagus estuary, Western Portugal,
subject to multiple sources of organic enrichment, namely sewage
discharge and estuarine outflow. Stable isotopes previously ana-
lysed in the sediment in this area recorded a spatial pattern capa-
ble of distinguishing the sewage and the estuarine signal from the
average marine signal, and this pattern was unnoticed by other po-
tential indicators of ecosystem change also analysed in the sedi-
ment (Sampaio et al., 2010). The carbon isotope pattern was
especially capable to indicate change directly attributable to the
sewage, whereas the nitrogen isotope pattern alerted for a con-
founding sediment grain-size factor. The analysis of both isotopes
in the bivalve Abra alba, allowed a better understanding of the sew-9°30'0"W 9°28'0"W
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Fig. 1. Study area showing the positioning of the doubl
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tern associated with nitrogen. In the present study, the analysis of
carbon and nitrogen stable isotopes in the biological compartment
were taken further, and extended to a range of sediment dwelling
macrofauna species representing various feeding guilds. It is the
purpose of this study to trace organic sources of carbon and nitro-
gen assimilated by the biota and to identify indicator species or
feeding guilds which can adequately portrait the organic enrich-
ment pattern in this dispersive coastal shelf area subject to organic
matter inputs from multiple enrichment sources.2. Methodology
2.1. Study area and sampling
The study area is located on the coastal shelf off Lisbon, Western
Portugal, and encompasses a water depth range of 30–90 m. The
area exhibits a sedimentary gradation, from fine sands to mud with
silt and clay content ranging from below 5% to above 80% of total
sediment dry weight (Freitas et al., 2006). Organic input sources
to this coastal area include the Tagus estuary, an urban wastewater
marine outfall and autochthon primary production. The wastewa-
ter marine outfall consists of a double branch system disposing
effluents approximately between 2350 and 2750 m offshore at an
average depth of 40 m. This marine outfall is the largest in Portugal
with an average flow of 1.6 m3 s1 and is placed about 15 km west
of the mouth of the Tagus estuary. At the present, the system in-
cludes a preliminary treatment with screening and removal of grit
and non-degradable materials. This situation will soon be altered,
with the introduction of a permanent enhanced primary treatment
with UV disinfection.
This study is based in samples taken at 30 sites in October 2007,
positioned according to Fig. 1. The sediment baseline characteriza-
tion for those sites is given in Sampaio et al. (2010) and includes9°26'0"W 9°24'0"W
20 m
30 m50 m
10 m
30
29
20
19
18
0
Lisboa
Tagus
Estuary
Km
e branch marine outfall and the 30 sampling sites.
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measurements. The samples were taken for the isotopic analysis
of carbon and nitrogen in the total sediment and in a selection of
larger macrofaunal species from the resident benthic community.
The remaining sediment was washed on board over a 2 mm-mesh
sieve in order to collect the macrofauna. All sediment samples
were obtained with a 0.1 m2 Smith-McIntyre grab. The sediment
and macrofauna samples were stored in separate Whirl-Pak bags
and frozen on board at 20 C.
2.2. Laboratory analysis
After bringing to room temperature, the macrobenthos was
sorted, identified to the highest possible taxonomic group and
immediately frozen until preparation for isotopic analysis. Isotopic
analysis followed a modification of the procedures described in
Carabel et al. (2006) and Teece and Fogel (2004). The sediment
samples were dried at 60 C to constant weight, and ground to fine
powder with a grinding mill. The ground sediments were treated
for carbonate removal by acidification with drop-by-drop addic-
tion of 1 M HCl (Carabel et al., 2006). Subsequently they were
rinsed with Milli-Q water to eliminate acid remains, re-dried at
60 C, ground and stored to be analysed.
Molluscs were removed from their shells and muscle tissue
from the foot was dissected for analysis. Whole organisms were
used for Crustacean and Polychaete analysis, following gut dissec-
tion. All samples were rinsed with Milli-Q water, dried at 60 C and
homogenized using a mortar and pestle. In order to minimize lipids
influence on d13C (Bodin et al., 2007) the ground samples were im-
mersed in a chloroform–methanol (2:1) solution to remove lipids
(Teece and Fogel, 2004). The Crustacean samples were also acidi-
fied to remove carbonates with drop-by-drop addiction of 1 M
HCl. Within a given sample, individuals from the same species
were pooled to ensure that sample mass was sufficient to enable
isotope analysis. In all sampling sites, except site 22, at least one
species was analysed for the stable isotopes. However, given the
wide range of environmental conditions comprehended by the 30
sites, no single species could be found at all the sites.
The isotopic compositions (d13C and d15N) were measured on
animal samples to a final dry weight up to 3 mg and sediment sam-
ples up to 20 mg with a stable isotope ratio mass spectrometer
(IsoPrime, GV Instruments, Manchester, UK), operating in continu-
ous-flow method coupled to an elemental analyser EuroEA (Euro-
vector, It). Isotopic ratios for carbon and nitrogen were calculated
using the standard d notation:
dX ¼ ððRsample=RreferenceÞ  1Þ  1000 ð‰Þ
where X = C (carbon) or N (nitrogen) and R = 13C/12C for carbon and
15N/14N for nitrogen. The reference for carbon was Vienna Pee Dee
Belemnite (VPDB, d13C = 0‰) and for nitrogen was atmospheric
nitrogen (d15N = 0‰). The analytical precision for the measurement
was 0.2‰ for both d13C and d15N.
2.3. Data analysis
The isotopic analyses were performed in a total of thirteen mac-
rofauna species without replication. The spatial patterns in the
data are shown for six of these, representing the major taxonomic
groups and different feeding strategies: the Mollusc Bivalve A. alba,
a deposit and suspension feeder (Grémare et al., 1991); the Mollusc
Gastropod Nassarius reticulatus, a predator and scavenger feeder
(Britton and Morton, 1994); the Crustacean Amphipod Ampelisca
sp., a suspension and detritus feeder (Lincoln, 1979); and the Anne-
lid Polychaetes, Glycera sp., a carnivorous and detritus feeder
(Fauchald and Jumars, 1979), Nephtys sp., a carnivorous andPlease cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003omnivorous feeder (Fauchald and Jumars, 1979) and Pectinaria (La-
gis) koreni, a selective deposit feeder (Dobbs and Scholly, 1986).
The trophic position of each species was evaluated on the basis
of their d15N values, according to the model: trophic
positionconsumer = trophic positionbase + (d15Nconsumer  d15Nbase)/
trophic fractionation (Post, 2002). Two isotopic baseline values
(d15Nbase) were used to obtain each species trophic position per site
and the compiled information was used to produce a mean trophic
level for each species. The two baseline isotopic descriptors were
the Bivalve A. alba (primary consumer level) and the Polychaete
Nephtys sp. (secondary consumer level). A. alba was assigned a
trophic position of 2.0 according to the calculation using sediment
d15N values as the isotopic baseline, but the baseline trophic posi-
tion of Nephtys sp. was obtained using the information gathered
with A. alba as the isotopic baseline. An average trophic fraction-
ation value of 3.4‰ was used as the mean trophic 15N-enrichment
per trophic level as suggested by Post (2002).
Basedon the calculated speciesmean trophicpositions andon lit-
erature records, species were assigned feeding guilds: suspensi-
vores/detritivores (mean trophic position < 1.5); depositivores
(1.5 < mean trophic position < 2.5), carnivores/omnivores
(2.5 < mean trophic position < 3.0) and scavengers (mean trophic
position > 3.0). The isotopic values of the species assigned to each
guild were used to calculate the mean isotopic values per guild
andper site. Thesewereused toproduceadatamatrix, inwhicheach
guild was present in as many sites as possible thus minimizing the
fact that no single species could be found in all sampling sites. The
suspensivores/detritivores were not included in this analysis, be-
cause thiswas the onlyguild composedof a single species (Ampelisca
sp.), also absent frommany sites.With this strategy, all but nine sites
that had missing information for at least one trophic guild (sites 1,
13, 14, 18, 19, 21, 22, 24 and 30) were used in the final data analysis.
The isotope data per feeding guild per site were analysed by
classification and ordination analysis using the software PRIMER
v6 (Clarke and Gorley, 2006). The normalized Euclidean distance
was used to produce a [sites  sites] distance matrix submitted
to classification analysis using the average-clustering algorithm
and to ordination analysis using non-metric multidimensional
scaling (NMDS). The NMDS diagrams are accompanied by a stress
value which quantifies the mismatch between the distances
among data points in the Euclidean distance matrix and in the
ordination diagram. Ordination diagrams with stress value below
0.10 are considered to represent very accurately the original dis-
tance matrix (Clarke and Warwick, 2001).
3. Results
The species mean trophic positions, shown in Table 1, permitted
to assign species to the following feeding guilds: suspensivores/
detritivores (Ampelisca sp.); depositivores (A. alba, P. (Lagis) koreni,
Sternaspis scutata, Tellina compressa and Tellina fabula), carnivores/
omnivores (Diopatra marocensis, Hyalinoecia bilineata, Lumbrineris
gracilis, Nephtys sp. and Glycera sp.) and scavengers (Nassarius cab-
rierensis ovoideus and N. reticulatus).
The carbon and nitrogen isotopic values in the superficial sedi-
ments are given in Tables 2 and 3 and their distribution in the
study sites is represented in Fig. 2. Carbon isotopic values are much
depleted near the outfall branches (d13C < 23.5‰, Fig. 2, Table 2).
A spatial pattern is established across the shelf-estuary axis (NW–
SE), with a depletion towards the estuary, locally interrupted by
the higher carbon depletion near the outfall branches. The nitrogen
isotopic values are also much depleted near the outfall branches
(d15N < +2.6‰, Fig. 2, Table 3). An overall enrichment is noticed
as we move away from the outfall (d15N > +3.4‰, Fig. 2, Table 3),
with the exception being sites 21 and 22 with depleted isotopic
values.isotopes in coastal benthic populations under multiple organic enrichment
Table 1
Mean (±standard deviation) of the trophic positions (Tp) for all the species analysed in
this study, obtained from two baseline isotopic descriptors and their respective
overall mean. The number of replicates are given in brackets.
Tpbaseline Abra Tpbaseline Nephtys TpMean
Abra alba – 2.0 ± 0.33 (17) 2.0 ± 0.33 (17)
Ampelisca sp. 1.5 ± 0.33 (14) 1.3 ± 0.36 (16) 1.4 ± 0.34 (30)
Diopatra marocensis 2.8 ± 0.39 (10) 2.8 ± 0.35 (12) 2.8 ± 0.36 (22)
Glycera sp. 2.6 ± 0.17 (9) 2.5 ± 0.30 (12) 2.5 ± 0.25 (21)
Hyalinoecia bilineata 2.2 ± 0.32 (10) 2.3 ± 0.22 (11) 2.3 ± 0.27 (21)
Lumbrineris gracilis 2.8 ± 0.12 (3) 2.6 ± 0.10 (4) 2.7 ± 0.16 (7)
Nephtys sp. 2.7 ± 0.33 (17) – 2.7 ± 0.33 (17)
Nassarius cabrierensis
ovoideus
– 3.6 ± 0.01 (2) 3.6 ± 0.01 (2)
Nassarius reticulatus 3.2 ± 0.32 (15) 3.2 ± 0.43 (23) 3.2 ± 0.39 (38)
Pectinaria (Lagis) koreni 1.5 ± 0.31 (7) 1.4 ± 0.47 (8) 1.4 ± 0.39 (15)
Sternaspis scutata – 1.8 ± 0.05 (2) 1.8 ± 0.05 (2)
Tellina compressa 2.4 ± 0.26 (5) 2.3 ± 0.28 (6) 2.4 ± 0.27 (11)
Tellina fabula 2.4 ± 0.28 (5) 2.4 ± 0.27 (8) 2.4 ± 0.26 (13)
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in this study are given in Tables 2 and 3. Intra-species variability
was found to be low in species A. alba (d13C = 0.05–1.11 SD,
d15N = 0.56–0.80 SD) and Nephtys sp. (d13C = 0.36–1.87 SD,
d15N = 0.20–0.85 SD; Sampaio L., unpublished results). The isotopic
data for six selected species is represented in Fig. 3. The Bivalve A.
alba shows a clear spatial pattern regarding both carbon and nitro-
gen isotopic values enriched as distance from the outfall increases
(d13C < 21‰ vs. d13C > 19.5‰; d15N < +5.5‰ vs. d15N > +7.0‰,
Tables 2 and 3). The Gastropod N. reticulatus also shows more de-
pleted carbon isotopic values near the outfall (d13C < 19.5‰, Ta-
ble 2) that become enriched towards the shelf and towards theTable 2
Carbon isotopic values for the sediment and species in the study area (no replication).
d13C Sediment Abra
alba
Ampelisca
sp.
Diopatra
marocensis
Hyalinoecia
bilineata
Lumbrineris
gracilis
Nephtys
sp.
Site
1 22.9 21.9 20.5
2 24.6 22.7 22.4
3 24.6 22.2 22.6 22.0 21.5
4 24.0 23.5 20.4 22.0 22.4 21.8
5 23.3 21.5 20.0 20.6 20.2
6 22.8 20.7 20.4 21.2 20.5
7 23.1 20.0 20.9 18.6
8 23.6 20.1 19.3 21.2 21.6 19.6
9 22.7 19.8 21.8 19.7
10 23.9 19.7 20.5 20.9 22.3 20.7
11 22.4 19.8
12 22.1 18.9
13 19.5 18.6
14 22.3 19.6 20.7 20.3 18.6
15 23.6 18.1 19.7 20.8 18.6
16 23.2 18.7 19.1 19.7 20.3 19.2
17 23.3 18.0 19.8 21.0 18.4
18 22.7 18.4 18.3 18.9 18.7 17.9
19 23.3 19.6
20 22.7 18.1 18.1 18.2 20.0 19.0
21 22.9 18.0
22 22.5
23 22.7 19.2 22.8 19.3
24 22.5 20.7 18.8
25 23.3 18.3
26 23.3 19.2 19.0 20.0
27 23.2 18.4 19.2 19.7 18.8
28 23.4 19.3
29 23.5 18.5 18.0 18.5
30 22.9 17.4 18.1 18.7 18.6 18.4
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sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003estuary (d13C > 18.0‰, Table 2). This species shows depleted
nitrogen isotopic values (d15N < +10.3‰, cf. Table 3) in a compara-
tively wider area than A. alba, that become slightly enriched to-
wards the shelf and towards the estuary. The Polychaete Nephtys
sp. presents much depleted values close to the outfall
(d13C < 20.5‰, Table 2) and a gradient of increasing carbon isoto-
pic values towards the estuary, while exhibiting a sharper enrich-
ment towards the shelf. Depleted nitrogen isotopic values for this
taxon are confined to areas around the outfall (d15N < +9.5‰, Ta-
ble 3). The Polychaete P. (Lagis) koreni shows a clear spatial pattern
both in carbon and nitrogen isotopic values with slightly depleted
values towards the shelf, much depleted isotopic values around the
outfall (d13C < 22.0‰; d15N < +3.5‰, Tables 2 and 3), and en-
riched values towards the estuary (d13C > 20.5‰; d15N > +5.0‰,
Tables 2 and 3). Another Polychaete, Glycera sp. shows much de-
pleted carbon isotopic values near the outfall (d13C < 20.5‰, Ta-
ble 2) and a rapid enrichment with increasing distance from the
branches (d13C > 18.0‰, Table 2). In this taxon, the nitrogen iso-
topic values showed an enrichment gradient from the shelf to the
estuary, with depletion in the area in front and around the outfall
(d15N < +8.0‰, Table 3). Finally, the Crustacean Ampelisca sp. only
showed much depleted carbon isotopic values in site 3
(d13C < 21.0‰, Table 2), which become slightly depleted towards
the shelf and enriched with the approximation to the Tagus estuary
(d13C > 19.5‰, Table 2), while the nitrogen isotopic values exhibit
a larger variation, with less clear spatial pattern.
The carbon and nitrogen isotopic values for the feeding guilds
are given in Table 4 and their distribution in the study area is
shown in Fig. 4. The depositivores show both depleted carbon
and nitrogen isotopic values near the outfall (d13C < 21‰;
d15N < +6.0‰, Table 4) with enrichment as distance increases from
the branches (d13C > 19.5‰; d15N > +7.5‰, Table 4). A similar pat-Nassarius
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Fig. 2. Carbon and nitrogen isotopic values in the superficial sediments at the 30 study sites.
Table 3
Nitrogen isotopic values for the sediment and species in the study area (no replication).
d15N Sediment Abra
alba
Ampelisca
sp.
Diopatra
marocensis
Hyalinoecia
bilineata
Lumbrineris
gracilis
Nephtys
sp.
Nassarius
cabrierensis
ovoideus
Nassarius
reticulatus
Pectinaria
(Lagis) koreni
Sternaspis
scutata
Tellina
compressa
Tellina
fabula
Glycera
sp.
Site
1 2.8 8.2 7.2 10.2
2 2.5 8.6 7.3 10.1 2.3 6.1
3 2.8 5.2 2.4 8.9 7.6 11.0 3.9 7.1
4 2.5 4.9 3.7 9.5 7.2 7.1 10.0 3.2 7.0 7.2
5 2.0 4.8 3.3 9.3 8.4 10.3 2.2
6 3.6 5.5 5.5 7.5 8.5 11.0 4.4 6.4 6.9
7 2.6 6.3 6.9 8.2 9.8 7.0 7.4
8 2.8 6.4 5.0 7.3 8.7 9.4 11.3 7.8
9 3.5 8.5 6.9 7.2 11.8
10 2.4 6.0 4.3 8.6 9.0 9.9 10.4 2.9 6.9 8.5 7.6
11 1.5 7.3 11.7 7.4
12 2.7 10.4 13.4 7.7
13 2.7 9.8 10.7
14 2.9 5.7 7.7 9.5 9.7 11.7 8.2
15 4.1 8.1 3.4 8.5 10.6 10.7
16 4.4 7.1 6.5 10.1 8.1 9.7 12.1 9.2 10.2
17 1.8 7.1 4.7 7.4 9.6 10.8
18 1.9 7.4 5.8 9.1 10.3 10.6 10.1 9.9
19 4.8 3.8 13.1 8.7 12.2
20 4.7 8.1 6.0 9.0 8.3 10.2 11.4 8.3
21 1.1 12.1 11.0
22 1.5
23 3.3 6.4 7.1 8.5 10.2 4.3 7.0 8.5
24 3.6 3.1 10.2 9.8 8.0
25 5.0 11.0 14.0 7.6
26 3.9 7.1 6.1 9.9 9.9
27 3.3 6.9 5.0 9.4 9.1 10.0 7.3 8.2
28 4.7 10.3 13.3 7.2 9.0 11.0
29 4.7 4.8 9.5 9.8 11.5 11.8 8.6 7.3 9.5
30 4.9 7.6 5.4 10.4 9.3 10.4
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Fig. 3. Distribution of the carbon and nitrogen isotopic values in six selected species.
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present depleted isotopic values in a comparatively wider spatial
area than the depositivores. The scavengers show the most de-Please cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003pleted carbon isotopic values in a small area near the outfall
(d13C < 19.5‰, Table 4) and the richer in the farthest areas
(d13C > 18.0‰, Table 4). Comparatively, their nitrogen isotopicisotopes in coastal benthic populations under multiple organic enrichment
Table 4
Mean (± standard deviation) of carbon and nitrogen isotopic values for the feeding guilds present in the study area. Each value corresponds to the mean of all the species
considered per site and per feeding guild. Number of replicates in brackets.
Site Depositivores Carnivores/omnivores Scavengers Suspensivores/detritivores
d15N d13C d15N d13C d15N d13C d15N d13C
1 7.7 ± 0.73 (2) 21.2 ± 0.94 (2) 10.2 19.6
2 4.2 ± 2.71 (2) 22.3 ± 1.20 (2) 8.0 ± 0.91 (2) 22.6 ± 0.24 (2) 10.1 19.6
3 4.5 ± 0.92 (2) 22.4 ± 0.25 (2) 7.9 ± 0.91 (3) 21.5 ± 0.48 (3) 11.0 20.1 2.4 22.6
4 5.0 ± 1.88 (3) 22.2 ± 1.55 (3) 7.7 ± 1.15 (4) 21.6 ± 1.08 (4) 10.0 19.3 3.7 20.4
5 3.5 ± 1.82 (2) 22.6 ± 1.50 (2) 8.8 ± 0.63 (2) 20.4 ± 0.30 (2) 10.3 20.3 3.3 20.0
6 5.4 ± 1.02 (3) 21.6 ± 0.91 (3) 7.6 ± 0.80 (3) 20.4 ± 0.87 (3) 11.0 19.1 5.5 20.4
7 6.9 ± 0.52 (3) 20.1 ± 0.28 (3) 7.6 ± 0.94 (2) 19.7 ± 1.66 (2) 9.8 18.6
8 6.4 20.1 8.3 ± 0.93 (4) 20.0 ± 1.78 (4) 11.3 18.0 5.0 19.3
9 8.5 19.8 7.0 ± 0.21 (2) 20.7 ± 1.46 (2) 11.8 19.0
10 6.1 ± 2.37 (4) 20.9 ± 1.15 (4) 8.8 ± 0.95 (4) 20.4 ± 1.93 (4) 10.4 19.1 4.3 20.5
11 7.4 20.0 7.3 19.8 11.7 17.5
12 7.7 20.0 10.4 18.9 13.4 18.2
13 9.8 18.6 10.7 17.1
14 8.8 ± 0.97 (4) 19.2 ± 1.61 (4) 11.7 17.7 5.7 19.6
15 8.1 18.1 9.6 ± 1.48 (2) 19.7 ± 1.49 (2) 10.7 18.3 3.4 19.7
16 8.2 ± 1.46 (2) 19.5 ± 1.19 (2) 9.5 ± 0.99 (4) 19.2 ± 1.26 (4) 12.1 17.2 6.5 19.1
17 7.1 18.0 8.5 ± 1.58 (2) 19.7 ± 1.85 (2) 10.8 17.7 4.7 19.8
18 8.7 ± 1.88 (2) 19.4 ± 1.44 (2) 10.0 ± 0.63 (4) 18.2 ± 0.73 (4) 5.8 18.3
19 10.4 ± 2.48 (2) 18.3 ± 1.10 (2) 13.1 17.5 3.8 19.6
20 8.2 ± 0.13 (2) 19.1 ± 1.52 (2) 9.1 ± 0.96 (3) 19.1 ± 0.87 (3) 11.4 16.5 6.0 18.1
21 12.1 18.0 11.0 16.6
23 5.9 ± 1.41 (3) 20.4 ± 1.17 (3) 8.0 ± 0.78 (3) 20.5 ± 2.00 (3) 10.2 18.7
24 9.1 ± 1.56 (2) 17.6 ± 1.62 (2) 9.8 18.5 3.1 20.7
25 7.6 19.3 11.0 18.3 14.0 19.2
26 7.1 19.2 9.9 20.0 9.9 18.0 6.1 19.0
27 7.1 ± 0.31 (2) 19.1 ± 0.97 (2) 8.9 ± 0.64 (3) 18.6 ± 1.25 (3) 10.0 18.3 5.0 19.2
28 8.1 ± 1.26 (2) 18.9 ± 0.24 (2) 10.7 ± 0.47 (2) 18.9 ± 0.58 (2) 13.3 18.3
29 8.0 ± 0.92 (2) 19.5 ± 0.43 (2) 9.6 ± 0.20 (3) 17.9 ± 0.70 (3) 11.6 ± 0.23 (2) 17.5 ± 0.23 (2) 4.8 18.5
30 7.6 17.4 10.0 ± 0.64 (3) 18.6 ± 0.15 (3) 5.4 18.1
L. Sampaio et al. /Marine Pollution Bulletin xxx (2010) xxx–xxx 7values are more depleted in a much larger area centred in the out-
fall (d15N < +10.3‰, Table 4). As for the suspensivores/detritivores,
they follow the pattern described above for Ampelisca sp., which is
the only species representing this feeding guild.
The classification and ordination analysis of the feeding guilds
data matrix are shown in Fig. 5. Four affinity groups, A, B, C and
D were identified. Their succession along the horizontal axis of
the ordination diagram and their positioning in the study area re-
flects a factor of increasing distance from the outfall. Group A in-
cludes sites 2, 3, 4 and 5 positioned 250 m from the outfall
branches; group B includes sites 6, 7, 8, 9, 10, 11, positioned
500 m from the outfall and also site 23, not much farther away;
group C includes sites 15, 16, 17, 20, 26, 27 and 29 positioned more
than 1000 m from the outfall; and group D includes sites 25, 28,
positioned 2000 m away from the outfall and characterized by
muddy sediment and site 12, directed to the shore, over fine sand
with very low fines content. Table 5 gives the mean isotopic com-
position values of each feeding guild and taxum in the above men-
tioned groups. A clear gradient is noticed from group A to group D,
with more depleted carbon and nitrogen values in group A, inter-
mediate values in group B and enriched values in group C, being
group D characterized by the most enriched nitrogen isotopic val-
ues (Table 5). Fig. 6 shows the plots of d13C and d15N for the species
present in each affinity group. We can notice the offset of the iso-
topic values from the lower left corner to the upper right corner as
we move from group A to group C–D and the diminishing of the
isotopic variation as we move away from the outfall to the farthest
areas.
4. Discussion
The superficial sediments carbon and nitrogen isotopic values
encountered close to the outfall branches (d13C, 24.6 to
22.9‰; d15N, +2.0 to +2.8‰, area A) are typical of sewage dis-Please cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003charge sites in coastal areas and similar to values reported else-
where associated with primary treatment facilities (e.g., d13C,
23.2 ± 0.1‰, n = 16, Waldron et al., 2001; d15N, 2.5 ± 0.2‰, n = 4,
Sweeney et al., 1980; but see Sampaio et al., 2010). These depleted
values indicate a direct sewage influence upon the superficial sed-
iments near the outfall branches. Sewage is mainly composed of
urea and its hydrolyzed form, ammonia, which is 15N-depleted in
relation to d15N of marine nitrates. Part of this ammonia is lost
through volatilization, inducing 15N-enrichment in the remaining
ammonia (Vizzini and Mazzola, 2004). In untreated or primary
treated sewage, as is the case in the present study, this enrichment
is smaller, contributing to depleted d15N values in sewage effluents
in comparison to secondary or tertiary treated sewage (Gaston and
Suthers, 2004). Also, sewage has a terrestrial source composition
and terrestrial-derived organic matter is more depleted in d13C val-
ues (mean, 28‰, range 30‰ to 23‰, Fry and Sherr, 1984) and
d15N (mean, 3‰, range 5‰ to 18‰, Hu et al., 2006) than the mar-
ine end-member values (d13C mean, 21‰, range 24‰ to 18‰;
d15N mean, 6‰, range 4‰ to 9‰, Fry and Sherr, 1984; Tucker et al.,
1999).
All benthic taxa collected in the vicinity of the outfall presented
depleted carbon and nitrogen isotopic values, particularly in area A
but also in area B, and those collected in the farthest areas (areas C
and D) showed more enriched values. This depletion was either re-
stricted to very few sites, like in the Crustacean Ampelisca sp., or
not, like in the Bivalve A. alba and the Polychaetes Nephtys sp.
and P. (Lagis) koreni. It reflects the entry of sewage-derived terres-
trial organic matter into the food web through assimilation by the
benthic fauna. Other studies have reported such benthic assimila-
tion of sewage-derived organic matter, both in field (Conlan et al.,
2006; Spies et al., 1989; Van Dover et al., 1992) and in laboratory
mesocosm experiments (Gearing et al., 1991). Species use of the
available sewage organic matter diminishes with increasing
distance from the outfall, as reflected in their flesh d13C and d15Nisotopes in coastal benthic populations under multiple organic enrichment
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Fig. 4. Distribution of the carbon and nitrogen isotopic values in the feeding guilds.
8 L. Sampaio et al. /Marine Pollution Bulletin xxx (2010) xxx–xxxvalues. These values enrich gradually with increasing distance from
the outfall due to the increased mixing with marine autochthonous
sources and to less availability of the dispersed sewage organic
matter either in the surface sediment or in suspension in the water
column. At larger distances, the contribution from plankton (d13C
mean, 21‰, range 24‰ to 18‰; d15N mean, 6‰, range 4‰ to
9‰, Fry and Sherr, 1984; Tucker et al., 1999) and benthicmicroalgae
(d13C mean, 14.9‰, range 8.5‰ to 20.6‰; d15N mean, +2.2‰,
range 1.0‰ to +6.1‰ Currin et al., 1995) should be higher accord-
ing to the gradual increase in the stable carbon and nitrogen isotopic
valueswhile fading the sewage isotopic signature. This is noticeable
in areas C and D, for most of the species. However, the presence of a
large estuary in the vicinity of the study area also contributeswith a
considerable terrestrial organic matter input andmasks the sewage
fading signal, particularly in areaD, characterized by the presence of
estuarine mud sediments.
A. alba showed the more depleted isotopic values close to the
outfall (area A, d13C, 22.4 ± 1.0‰; d15N, +4.9 ± 0.2‰). This species
as been reported to be able to switch feeding behaviour from de-
posit to suspension feeder when conditions are favourable (Dame,
1996). In this study, the species may benefit from the high nutrientPlease cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003availability at area A taking advantage of the turbidity occurrence
or detritus ‘‘rain” near the outfall to assimilate, directly from the
water column, food which has a larger contribution from sew-
age-derived terrestrial organic matter and hence, more depleted
values. Waldron et al. (2001) reported 20.5‰ for d13C values
and 6.6‰ for d15N values for a similar species, Abra nitida, beneath
a sewage outfall (0 m) discharging in the Firth of Forth. Those val-
ues are similar to the ones reported here for A. alba in area B, be-
tween 500 and 1000 m from the outfall (d13C, 19.9 ± 0.5‰;
d15N, +6.5 ± 1.0‰). Waldron et al. (2001) also found an increase
in the species isotopic values with increasing distance from the
outfall and although the nitrogen amplitude was similar to that re-
ported here, the carbon variation was smaller.
Nephtys sp. showed a similar isotopic pattern to A. alba and it
cannot be ruled out the possibility that Nephtys sp. might also be
feeding on young A. alba specimens, particularly in area A, which
presented very depleted carbon isotopic values. Fauchald and Ju-
mars (1979) consider the Nephtyids as motile predators feeding
on small invertebrates such as Molluscs, Crustaceans and other
Polychaetes. This mobility also explains the larger scatter of their
isotopic values when compared to those of A. alba. This taxonisotopes in coastal benthic populations under multiple organic enrichment
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Fig. 5. Spatial distribution of the affinity groups among sampling sites (A, B, C and D), described by the carbon and nitrogen isotopic composition of the feeding guilds. (top) In
the classification diagram; (middle) in the NMDS ordination; (bottom) in the study area.
L. Sampaio et al. /Marine Pollution Bulletin xxx (2010) xxx–xxx 9showed a high depletion of carbon and nitrogen values in area A,
up to 500 m from the outfall (d13C, 21.5 ± 0.5‰), higher than that
reported in other similar studies. Waldron et al. (2001) found a
d13C value of 18.7‰ in Nephtys incisa, beneath their studied sew-
age outfall, very close to the values here reported for areas C (d13C,
19.0 ± 0.5‰) and D (d13C, 18.8 ± 0.5‰). However, even though
d13C are more depleted, which could reflect the species diet and
mobility, d15N values for this species in area D (d15N,
+10.6 ± 0.3‰) are close to those reported for Nephtys caeca in a
large sedimentary muddy bank known as the ‘‘Grande Vasière” in
the northern continental shelf of the Bay of Biscay at depths be-Please cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003tween 80 and 130 m (d13C, 16.2 ± 0.5‰, d15N, +11.1 ± 1.0‰ Le
Loc’h et al., 2008).
P. (Lagis) koreni carbon isotopic values found in area A (d13C,
23.0 ± 0.2‰) are much more depleted than those found in Pecti-
naria californiensis around the Los Angeles County outfall (d13C,
21.6‰; Spies et al., 1989) but become more enriched at area C
(d13C, 20.0 ± 0.2‰). Spies et al. (1989) also found more enriched
d13C values away from the outfall in a reference site off Santa Bar-
bara (d13C,18.0‰). P. (Lagis) koreni is known to be a selective sub-
surface deposit feeder (Dobbs and Scholly, 1986) and could benefit
from the contribution of sewage-derived terrestrial organic matterisotopes in coastal benthic populations under multiple organic enrichment
Table 5
Mean (±standard deviation) of carbon and nitrogen isotopic values per feeding guild and per species in the feeding guilds affinity groups (A, B, C and D), represented in Fig. 5.
Number of replicates in brackets.
Group A
(sites 2, 3, 4, 5)
Group B
(sites 6, 7, 8, 9, 10, 11, 23)
Group C
(sites 15, 16, 17, 20, 26, 27, 29)
Group D
(sites 12, 25, 28)
Feeding guilds
d15N (‰) – depositivores 4.3 ± 0.65 (4) 6.7 ± 1.04 (7) 7.7 ± 0.56 (7) 7.8 ± 0.27 (3)
d13C (‰) – depositivores 22.4 ± 0.15 (4) 20.4 ± 0.63 (7) 18.9 ± 0.64 (7) 19.4 ± 0.57 (3)
d15N (‰) – carnivores/omnivores 8.1 ± 0.49 (4) 7.8 ± 0.61 (7) 9.3 ± 0.49 (7) 10.7 ± 0.26 (3)
d13C (‰) – carnivores/omnivores 21.5 ± 0.88 (4) 20.2 ± 0.37 (7) 19.2 ± 0.75 (7) 18.7 ± 0.33 (3)
d15N (‰) – scavengers 10.4 ± 0.47 (4) 10.9 ± 0.78 (7) 10.9 ± 0.83 (7) 13.6 ± 0.36 (3)
d13C (‰) – scavengers 19.8 ± 0.45 (4) 18.6 ± 0.60 (7) 17.6 ± 0.65 (7) 18.5 ± 0.53 (3)
Species
d15N (‰) – Abra alba 4.9 ± 0.23 (3) 6.5 ± 1.02 (6) 7.4 ± 0.51 (6)
d13C (‰) – Abra alba 22.4 ± 0.99 (3) 19.9 ± 0.50 (6) 18.4 ± 0.42 (6)
d15N (‰) – Ampelisca sp. 3.1 ± 0.68 (3) 4.9 ± 0.58 (3) 5.0 ± 1.00 (7)
d13C (‰) – Ampelisca sp. 21.0 ± 1.40 (3) 20.1 ± 0.65 (3) 19.1 ± 0.57 (7)
d15N (‰) – Diopatra marocensis 9.0 ± 0.38 (4) 7.8 ± 0.79 (3) 9.5 ± 0.39 (4)
d13C (‰) – Diopatra marocensis 21.8 ± 0.88 (4) 21.6 ± 1.01 (3) 18.9 ± 0.78 (4)
d15N (‰) – Hyalinoecia bilineata 7.2 7.0 ± 0.25 (3) 8.0 ± 0.42 (4)
d13C (‰) – Hyalinoecia bilineata 22.4 21.3 ± 0.43 (3) 20.5 ± 0.40 (4)
d15N (‰) – Lumbrineris gracilis 8.8 ± 0.21 (2) 9.8
d13C (‰) – Lumbrineris gracilis 21.9 ± 0.51 (2) 18.5
d15N (‰) – Nephtys sp. 7.6 ± 0.54 (4) 8.4 ± 1.00 (7) 9.8 ± 0.47 (6) 10.6 ± 0.33 (3)
d13C (‰) – Nephtys sp. 21.5 ± 0.94 (4) 19.7 ± 0.72 (7) 19.0 ± 0.53 (6) 18.8 ± 0.50 (3)
d15N (‰) – Nassarius cabrierensis ovoideus 11.5 13.6 ± 0.47 (2)
d13C (‰) – Nassarius cabrierensis ovoideus 16.7 18.7 ± 0.58 (2)
d15N (‰) – Nassarius reticulatus 10.4 ± 0.47 (4) 10.9 ± 0.78 (7) 10.9 ± 0.78 (7) 13.4
d13C (‰) – Nassarius reticulatus 19.8 ± 0.45 (4) 18.6 ± 0.60 (7) 17.8 ± 0.63 (7) 18.2
d15N (‰) – Pectinaria (Lagis) koreni 2.9 ± 0.81 (4) 3.8 ± 0.84 (3) 8.4 ± 0.17 (2)
d13C (‰) – Pectinaria (Lagis) koreni 23.0 ± 0.48 (4) 22.2 ± 0.55 (3) 20.0 ± 0.20 (2)
d15N (‰) – Sternaspis scutata 7.3 7.4 ± 0.26 (2)
d13C (‰) – Sternaspis scutata 19.2 19.2 ± 0.22 (2)
d15N (‰) – Tellina compressa 6.8 ± 0.33 (3) 9.2 9.0
d13C (‰) – Tellina compressa 20.9 ± 0.60 (3) 20.3 18.7
d15N (‰) – Tellina fabula 6.6 ± 0.59 (2) 7.6 ± 0.65 (4) 7.3 7.7
d13C (‰) – Tellina fabula 21.0 ± 0.69 (2) 20.3 ± 0.42 (4) 19.8 20.0
d15N (‰) – Glycera sp. 7.2 ± 0.07 (2) 7.7 ± 0.66 (4) 9.3 ± 0.83 (3) 11.0
d13C (‰) – Glycera sp. 20.5 ± 0.71 (2) 18.6 ± 0.98 (4) 17.2 ± 0.12 (3) 18.5
10 L. Sampaio et al. /Marine Pollution Bulletin xxx (2010) xxx–xxxdeposited in the outfall surroundings and buried terrestrial organic
matter from river overflows. This synergism might explain the still
considerable depleted isotopic values reported here at area B, 500–
1000 m away from the outfall (d13C, 22.2 ± 0.6‰; d15N,
+3.8 ± 0.8‰) compared to the other studied species.
Ampelisca sp. showed less depletion and more variation in the
carbon isotopic values in area A (d13C,21.0 ± 1.4‰) than the other
species. This could be a reflection of its water column suspension
feeding activity altering from a diet either richer in the outfall
plume or in seawater, richer in marine primary producers (plank-
ton and benthic microalgae). In the Boston Harbour, subjected to
domestic and industrial wastes discharges, Tucker et al. (1999) also
found that Ampelisca sp., fed primarily by suspension feeding, had
enriched d15N values in comparison to a similar Amphipod, Leptoc-
heirus pinguis, with deposit-feeding strategy.
Spies et al. (1989) reported d13C and d15N values of 18.7‰ and
+7.5‰, respectively, in Glycerids around the Los Angeles County
outfall, more enriched in d13C values than those we found in area
A (d13C, 20.5 ± 0.7‰) but close to the values reported here for
area B (d13C, 18.6 ± 1.0‰; d15N,+ 7.7 ± 0.7‰), However, the car-
bon and nitrogen isotopic values found for the Polychaete Glycera
sp. in area C (d13C, 17.2 ± 0.1‰; d15N, +9.3 ± 0.8‰) are very close
to those reported by the same authors in their reference site in
Santa Barbara (d13C, 17.6‰; d15N, +10.9‰).
N. reticulatus also showed depleted carbon isotopic values in
area A (d13C, 19.8 ± 0.5‰) which become enriched with distance
to the outfall, particularly in area C (d13C, 17.8 ± 0.6‰), due to the
availability of other more enriched carbon sources. In a mesocosm
experiment, Gearing et al. (1991) found that most of the diet ofPlease cite this article in press as: Sampaio, L., et al. Carbon and nitrogen stable
sources. Mar. Pollut. Bull. (2010), doi:10.1016/j.marpolbul.2010.06.003Nassarius trivittatus was comprised of sludge-derived carbon
responsible for their highly depleted d13C values in comparison
to the control (d13C, 22.7‰ vs. 17.8‰).
Some Glycera, like Glycera alba, have a preference for moving
preys (Fauchald and Jumars, 1979) and the gastropod N. reticulatus
prefers carrion and is a highly mobile species (Britton and Morton,
1994). The isotopic signatures found in this work for both taxa at
area A and B could reflect the influence of their moving preys or
feeding activities inside and outside the outfall surroundings at
the time of sampling because of the slow isotopic muscle tissue
turnover (Sweeting et al., 2005). This influence on turn might re-
flect in their isotopic signatures giving rise to a more dispersive
pattern as shown by both taxa, particularly when concerning their
nitrogen isotopic values.
The results presented in this study show that different feeding
strategies can have different responses to the entry of a new food
source in the aquatic system. Deposit feeders and their predators
showed an isotopic signal that reflects the use of the available
new food source in the surrounding sediments. Van Dover et al.
(1992) found that sewage-derived organic matter reaches the sea-
floor and enters the food web as a result of consumption by surface
deposit feeders. Darnaude et al. (2004), when studying a coastal
benthic food chain in the immediate vicinity of the Rhône River
mouth, concluded that surface deposit-feeding, subsurface depos-
it-feeding and carnivorous Polychaetes were mostly exploiting or-
ganic matter of continental origin, whereas most other
macrobenthic consumers derived their carbon mainly from marine
phytoplankton. Similar results were obtained by Carlier et al.
(2007) in the study of a benthic food chain of the Bay ofisotopes in coastal benthic populations under multiple organic enrichment
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Fig. 6. Plots of d13C and d15N in the species present in the sites comprising each feeding guild affinity group (A, B, C and D, see Fig. 5).
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results also suggest that suspension feeders could be filtering less
the outfall plume and more the seawater and that reflected in their
enriched isotopic signals. This is in agreement with results re-
ported by Conlan et al. (2006), who also found that suspension
feeders were using other sources and only a small proportion of
sewage C and N was assimilated. Scavengers feeding preferences
and mobility also contributed for the broader dispersal of the sew-
age isotopic signal noticed for this guild in this study. Britton and
Morton (1994) consider that the scavenging behaviour is coupled
with one or more additional feeding strategies because carrion
availability is largely unpredictable both spatially and temporally
to provide for their daily needs. Differences in food consumption,
mode of assimilation or fractionation during food processing (Hart
and Lovvorn, 2002; Vanderklift and Ponsard, 2003; Caut et al.,
2009), can be responsible for this variability. Gearing et al.
(1991) even hypothesized that, due to the large isotopic data
variability in N. trivittatus, this species could be ingesting sludge
particles directly.
5. Conclusion
Species carbon and nitrogen stable isotopes proved to be a valid
approach to point out the influence of multiple organic enrichment
sources in coastal benthic populations.
All species revealed the incorporation of sewage organic matter
in their tissues both in terms of carbon and nitrogen up to 500 m
from the outfall. A gradient of increasing isotopic enrichment
was noticed with increasing distance from the outfall reflecting
the species feeding strategies. In area A, the feeding strategy is
dominated by depleted sewage-derived organic matter and in area
B, the feeding strategy reflects a mixture of food sources, not dom-
inated by the sewage source, but where it can still be traced. In
area C, the food source for the benthic communities is dominated
by a marine origin of the organic matter while in area D it is pos-
sible to also include an estuarine origin in the food sources for the
benthic community.
A. alba, Nephtys sp. and P. (Lagis) koreni also recorded the influ-
ence of the outflow from the Tagus estuary. These three species
were reliable tracers of the input of terrestrial organic matter into
this marine system. In general, depositivores and carnivores/omni-
vores gave a valuable picture, arguably the best, of the extension of
the sewage dispersion and incorporation into the food web, and
prove to be good choices for future monitoring programs. Species
isotopic signal was clearer than the sediment isotopic signal itself
and confirmed that the choice of a good descriptor can help in
diagnostic efforts. It would be interesting to verify how is the im-
age of the system functional alteration given by the isotopic bio-
indicators close to that shown by the analysis of the community,
looking for species composition and structure alterations.
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Abstract 27 
 28 
Synthesis indices have been developed in order to implement the Water Framework 29 
Directive (WFD) goal of achieving a good ecological status for European waters and so 30 
need to be validated and inter-calibrated. This study was conducted in a coastal area 31 
under mild organic enrichment from a sea outfall sewage discharge where no other 32 
anthropogenic point source disturbance exists. It reports the results from an integrated 33 
assessment in order to test if biotic indices would give a response comparable to that of 34 
other descriptors. The study included the analysis of sediment descriptors, stable carbon 35 
and nitrogen isotopes in benthic species, benthic community species composition and 36 
abundance, and biotic indices. The various groups of descriptors were tested under the 37 
null hypothesis of no significant alterations with increasing distance from the outfall. The 38 
sediment grain-size, median and total volatile solids did not cause rejection of the null 39 
hypothesis, in contrast to the sediment redox potential and the stable carbon isotopic 40 
composition. The benthic community species composition and abundance and their stable 41 
carbon isotopic composition also rejected the null hypothesis. In areas closer to the outfall, 42 
the redox potential showed negative values, the macrofauna showed the dominance of 43 
opportunist species and the stable carbon isotope composition showed depletion, in 44 
accordance with a terrestrial origin of organic matter. These three independent groups of 45 
descriptors diagnosed a coherent alteration scenario associated with organic enrichment. 46 
However, the biotic indices failed to reject the null hypothesis. The analysis of the full 47 
species composition dataset gave a more valuable picture of the environmental disruption 48 
and specific descriptors such as stable isotopes allowed a direct measure of the organic 49 
enrichment spatial extent. In this study, the biotic indices were not effective at showing 50 
benthic alterations associated with the mild organic enrichment despite some being based 51 
on species tolerance/sensitivity thresholds to this type of disturbance. Their use caused 52 
essential information to be lost and hence impaired our diagnostic capability. 53 
 54 
Key-words: 55 
Macrofauna succession; organic enrichment; stable carbon and nitrogen isotopes; biotic 56 
indices; AMBI; M-AMBI; Abra alba; Nephtys sp. 57 
 58 
 59 
1. Introduction 60 
The Water Framework Directive (WFD; 2000/60/EC) and the Marine Strategy 61 
Framework Directive (MSFD; 2008/56/EC) delineate the legal basis for the conservation of 62 
European offshore, coastal, transition and fresh waters. Both directives aim to protect and 63 
improve the aquatic environment and stimulate a progressive reduction of discharges and 64 
emissions. The initial implementation steps of the WFD included the integrative 65 
assessment of the current ecological status of these water bodies, by using several hydro-66 
morphological, physicochemical and biological elements. This procedure requires the 67 
establishment of indices (metrics) that should enable the detection and quantification of 68 
induced alterations to the ecosystem and allow the classification of their ecological quality 69 
status. Such classification requires the comparison of data obtained from monitoring 70 
studies to reference conditions and deriving an Ecological Quality Ratio (EQR) that must 71 
be consistent with the normative definitions of the class boundaries specified in the WFD: 72 
High, Good, Moderate, Poor or Bad. This ratio must be expressed as a numerical value 73 
between zero and one, with „High‟ status represented by values close to one and „Bad‟ 74 
status by values close to zero (Vincent et al. 2002).  75 
In coastal and transition waters, one of the biological quality elements to be considered 76 
is the benthic invertebrate fauna, particularly the soft-bottom benthos. The benthic fauna is 77 
considered ideal for environmental quality assessment in sedimentary habitats because 78 
most species live for several years and their sedentary life makes most animals unable to 79 
escape adverse conditions. Benthic species encompass a range of feeding guilds, life-80 
history traits and tolerance/sensitivity thresholds to stress, which enhances their capacity 81 
to integrate the benthic habitat and near-bottom water quality (Gray and Elliott 2009). The 82 
community level approach based in species composition has thus long been regarded as a 83 
valid diagnostic tool for environmental assessment. The benthic macrofauna succession 84 
along organic enrichment gradients namely is amongst the most studied examples in the 85 
marine environment of community level response to disturbance, following the Pearson-86 
Rosenberg paradigm (Pearson and Rosenberg 1978). It is at the basis of the 87 
tolerance/sensitivity classification of species used in recently developed biotic indices 88 
aiming to portray environmental responses/alterations to anthropogenic effects (Borja et al. 89 
2000). Biotic indices aim to summarize the community data into a single number. This 90 
oversimplification, although appealing to managers and decision makers, has both gained 91 
followers and opponents in the scientific community (Gray and Elliott 2009). Several biotic 92 
indices based on the benthic macrofauna assemblages have been recently proposed 93 
(AMBI, Borja et al. 2000; BENTIX, Simboura and Zenetos 2002; BQI, Rosenberg et al. 94 
2004; BOPA, Dauvin and Ruellet 2007) and considered useful diagnostic tools in different 95 
coastal and transitional areas (see reviews in Diaz et al. 2004; Salas et al. 2006; Gray and 96 
Elliott 2009; Pinto et al. 2009). The most widely used, alone or in conjunction with other 97 
metrics, is the AZTI Marine Biotic Index, AMBI. It has been integrated with measures of 98 
species richness, abundance and/or diversity, originating multi-metric indices, which 99 
accommodate the class ranges to satisfy the WFD. Examples include the Multi-metric 100 
AMBI, Basque Country, Northern Spain (M-AMBI, Borja et al. 2004; Muxika et al. 2007), 101 
the Infaunal Quality Index, United Kingdom (IQI, Quintino et al. 2006), the DKI, Denmark 102 
(Borja et al. 2007), the Benthic Assessment Tool, Portugal (BAT, Teixeira et al. 2009). 103 
AMBI, either alone or in conjunction with other indices, has been tested in a variety of 104 
geographic areas around the world, subject to different types of perturbations (Salas et al. 105 
2004; Muniz et al. 2005; Muxika et al. 2005; Labrune et al. 2006; Dauvin et al. 2007; Borja 106 
et al. 2007; Bigot et al. 2008; Callier et al. 2008; Grémare et al. 2009). Some studies 107 
question the performance of biotic indices as quality indicators (Zettler et al. 2007; 108 
Blanchet et al. 2008; Lavesque et al. 2009), and it is clear that they require testing in areas 109 
under the influence of single disturbance agents, which is the aim of the present study. 110 
In order to test the performance of biotic indices in a situation of mild organic 111 
enrichment of the seafloor, these were compared to a series of independent descriptors 112 
using an integrated assessment approach. The study included the analysis of sediment 113 
baseline descriptors, stable carbon and nitrogen isotopes in sediment and benthic species, 114 
benthic community species composition and abundance, and biotic indices. The 115 
assessment here conducted differs from the more conventional sediment quality triad 116 
concept (SQT, Long and Chapman, 1985) given that no sediment ecotoxicological 117 
component was included. It was instead replaced with a stable carbon and nitrogen 118 
isotope analysis for the sediment and benthic species, given their ability to identify the 119 
terrestrial versus marine origin of the organic matter and hence provide a direct measure 120 
of the spatial extent of the organic enrichment (Sweeney et al. 1980; Van Dover et al. 121 
1992). Borja et al. (2008a) did not include the SQT as an integrative tool in assessing 122 
ecological integrity since they consider that this methodology is focused in assessing 123 
pollution. However, Chapman and Hollert (2006) pointed to the possibility of expanding the 124 
SQT concept by including other components that could strengthen the assessing power of 125 
this integrative tool. This could help directing SQT not only to focus at pollution 126 
assessment situations but also to a more ecosystem-based approach, given the use of the 127 
right components (see also Chapman, 2009). 128 
This study was conducted in a dispersive coastal shelf area under organic enrichment 129 
from a point source sea outfall sewage discharge and tests the null hypothesis that with 130 
increasing distance from the outfall no significant differences exist in baseline sediment 131 
descriptors, macrofauna assemblages species composition and abundance, their stable 132 
carbon and nitrogen isotopic composition and synthesis biotic indices. The various 133 
descriptors were tested using permutation multivariate analysis of variance (Anderson 134 
2001), using areas at increasing distance from the outfall as a fixed factor and sites nested 135 
in areas. Because no other anthropogenic point source emission exists in the area, this 136 
study interrogates biotic indices under a scenario for which their sensitivity/tolerance 137 
species classifications were initially developed, i.e. organic enrichment. 138 
 139 
2. Methodology 140 
2.1 Study area and sampling 141 
The study area is located from 40 to 60 meters on the coastal shelf off Lisbon, Western 142 
Portugal. The main sources of organic material to this coastal area include a marine 143 
sewage outfall point discharge and the outflow from the Tagus estuary. Previous studies 144 
have shown that the Tagus estuary outflow influences characteristics in deeper muddy 145 
sediments whereas the outfall is installed in the shallower parts, over fine sand with low silt 146 
and clay content (Silva et al. 2004). This marine sewage outfall is the largest in Portugal 147 
with an average flow of 1.6 m3 s-1 and consists of a double branch system placed about 15 148 
km west of the mouth of the Tagus estuary. The effluents are diffused at mean depth of 40 149 
meters, in the final 400 meters of both outfall branches, approximately between 2350 and 150 
2750 meters offshore. At present, the system includes a preliminary treatment with 151 
screening and removal of grit and non-degradable materials, soon to be upgraded to an 152 
enhanced primary treatment with UV disinfection. 153 
This study is based in samples taken in 2007, in nine sites arranged in three areas 154 
placed at increasing distance from the outfall, three sampling sites per area with three 155 
replicates per site and descriptor (Fig. 1). Previous sediment studies in this coastal area 156 
allowed to place the three study areas over the same sediment type, fine sand with low silt 157 
and clay content (Quintino et al. 2001; Freitas et al. 2006; Sampaio et al. 2010). All 158 
sediment samples were obtained with a 0.1 m2 Smith-McIntyre grab, at the reason of nine 159 
replicates per site, three for the macrofauna community study, three for the baseline 160 
sediment characterization and sediment stable isotope analysis and three for the stable 161 
isotope analysis in the biological material. The samples for the study of the benthic 162 
community were washed on board over a 1 mm-mesh sieve and the residue was 163 
preserved in 4% formalin. The redox potential was measured on board before emptying 164 
the grab, by inserting the electrodes 4 centimetres into the sediment (Pearson and Stanley 165 
1979). The samples for the total volatile solids analysis were frozen after collection and 166 
kept at -20ºC. The samples for the grain-size analysis were kept at room temperature. The 167 
sediment and the biological samples for the stable carbon and nitrogen analysis were 168 
frozen on board at -20ºC. The biological samples were obtained after screening the 169 
sediment on board over a 2 mm-mesh sieve. 170 
 171 
2.2 Laboratory analysis  172 
Sediment grain-size analysis was performed by wet and dry sieving (Sampaio et al. 173 
2010). Total volatile solids were determined in 1 g of dried sediment at 60 ºC by loss on 174 
ignition at 450 ºC during 5 hours (Byers et al. 1978). The macrofauna for the study of the 175 
benthic community was sorted, identified to the highest possible taxonomic level and 176 
counted. The macrobenthos for the isotopic analysis was brought to room temperature, 177 
sorted and frozen until analysis. Isotopic analysis followed a modification of Carabel et al. 178 
(2006) and Teece and Fogel (2004). The sediment samples were dried at 60ºC, ground, 179 
acidified with 1M HCl for carbonate removal, washed, re-dried at 60ºC, ground and stored 180 
until analysis.  181 
Molluscs were removed from their shells and muscle tissue from the foot was 182 
dissected for analysis. Whole organisms were used for the Polychaetes analysis, following 183 
gut dissection. All samples were rinsed with Mili-Q water, dried at 60 ºC and homogenized 184 
using a mortar and pestle. To minimize lipids influence on 13C (Bodin et al. 2007), the 185 
ground samples were immersed in a chloroform-methanol (2:1) solution to remove lipids 186 
(Teece and Fogel 2004). Specimens of Abra alba (Wood, 1802) and Nephtys sp. Cuvier, 187 
1817 were analysed per sample. Specimens representing the feeding groups 188 
depositivores, carnivores and scavengers were pooled and homogenized, with each 189 
species contributing with a dry weight of 0.5-1 mg to the final sample mass.  190 
The isotopic compositions (13C and 15N) were measured on animal samples to a final 191 
dry weight up to 3 mg and sediment samples up to 20 mg with a stable isotope ratio mass 192 
spectrometer (IsoPrime, GV Instruments, Manchester, UK), operating in continuous-flow 193 
method coupled to an elemental analyzer EuroEA (Eurovector, It). Isotopic ratios for 194 
carbon and nitrogen were calculated using the standard  notation: 195 
X = ((Rsample/Rreference) -1) x 1000 (‰) 196 
Where X = C (carbon) or N (nitrogen) and R = 13C /12C for carbon and 15N /14N for 197 
nitrogen. The reference for carbon was Vienna Pee Dee Belemnite (VPDB, 13C = 0‰) 198 
and for nitrogen was atmospheric nitrogen (15N = 0‰). The analytical precision for the 199 
measurement was 0.2‰ for both 13C and 15N. 200 
 201 
2.3 Data analysis 202 
The sediment descriptors include grain-size, median, total volatile solids and redox 203 
potential. The sediment in each grain-size class (> 2mm; 1-2; 0.5-1; 0.25-0.5; 0.125-0.25; 204 
0.063-0.125; < 0.063mm), was expressed as a percentage of the whole sediment, dry 205 
weight. The data were used to calculate the median, expressed in phi () units (  -log2 206 
mm), corresponding to the diameter that has half the grains finer and half coarser. 207 
The isotopic analyses were performed in the whole sediment, the Bivalve Abra alba, 208 
the Polychaete Nephtys sp. and in homogenised biological material composed of up to 10 209 
pooled species (Bivalves: Abra alba, Tellina compressa, Tellina fabula; Gastropods: 210 
Nassarius reticulatus; Polychaetes: Diopatra marocensis, Glycera sp., Hyalinoecia 211 
bilineata, Lumbrineris gracilis, Nephtys sp. and Pectinaria (Lagis) koreni).  212 
Macrofauna community descriptors include the study of species composition and 213 
abundance per sample. A number of synthesis biotic indices were also calculated per 214 
sample: species richness; abundance; Shannon diversity (Shannon and Weaver 1949); 215 
Pielou evenness (Pielou 1966); Margalef richness (Margalef 1968); Hurlbert rarefaction 216 
(Hurlbert 1971); Simpson index (as 1-Simpson dominance index; Simpson 1949); AMBI 217 
(Borja et al. 2000) and M-AMBI (Muxika et al. 2007). AMBI is given by the expression: (0 x 218 
EGI + 1.5 x EGII + 3 x EGIII + 4.5 x EGIV + 6 x EGV)/100, where EG is the relative 219 
abundance of species classified according to ecological groups, which represent their 220 
sensitivity to increasing organic stress (Grall and Glémarec 1997): EGI comprises very 221 
sensitive species, EGII indifferent species, EGIII tolerant species, EGIV second-order 222 
opportunists and EGV first-order opportunists. Species are assigned to ecological when 223 
calculating AMBI, using the available free software (AMBI v4.1, http:/www.azti.es). M-224 
AMBI was calculated with the same software and combines the AMBI index, the Shannon 225 
diversity and species richness (Muxika et al. 2007). M-AMBI was calculated using the 226 
default set up, considering for “Bad” status values of AMBI, Shannon diversity and species 227 
richness of respectively 6.0, 0.0 and 0.0, and for “High” status the lowest AMBI value and 228 
the highest Shannon diversity and species richness values from the dataset. M-AMBI is 229 
obtained in the interval from 0 to 1 and the associated ecological quality statement 230 
considered the default boundaries: Poor/Bad = 0.22; Moderate/Poor = 0.39; 231 
Good/Moderate = 0.55 and High/Good = 0.85.  232 
The data were analysed according to a two-way hierarchical design, with sites nested 233 
in areas and these as the main, fixed factor, using permutation multivariate analysis of 234 
variance (Anderson 2001), employing the PERMANOVA+ add-on in PRIMER v6 235 
(Anderson et al. 2008). The null hypothesis of no significant differences between the areas 236 
was tested for the sediment descriptors, the sediment and the biological carbon and 237 
nitrogen isotopic composition data, the benthic community species abundance and the 238 
biotic indices. When the main test was found statistically significant (p<0.05), a posteriori 239 
pairwise comparisons between the three areas were performed with the PERMANOVA t 240 
statistic and permutations under a reduced model (Anderson et al. 2008). 241 
Non-metric multidimensional scaling (NMDS) was used to visualize the results. The 242 
ordinations are accompanied by a stress value which quantifies the mismatch between the 243 
distances among data points in the resemblance matrix and in the ordination diagram. 244 
Ordination diagrams with stress value up to 0.10 are considered to represent very 245 
accurately the original resemblance matrix (Clarke and Warwick 2001). All analyses were 246 
performed with the software PRIMER v6 (Clarke and Gorley 2006). The resemblance 247 
matrices between samples were obtained with the Euclidean distance (sediment 248 
descriptors, isotopes data and benthic community synthesis indices) following data 249 
normalisation whenever the descriptors were given in different units, or the Bray-Curtis 250 
similarity (benthic community species data), following square-root transformation. 251 
 252 
3. Results 253 
Table 1 summarises the descriptors mean values across the study areas. The 254 
sediment grain-size, median and total volatile solids, were very similar across the three 255 
areas and failed to reject the null hypothesis (Table 2). The superficial sediment in the 256 
study areas corresponds to very fine sand with median varying from 2.6  to 2.8 , with silt 257 
and clay content ranging from 3% to 6% and total volatile solids from 1.5% to 2%. Despite 258 
this similarity, redox potential presented a much lower value in area A1, the closest to the 259 
outfall, when compared to areas A2 and A3. This was the only baseline sedimentary 260 
descriptor which rejected the null hypothesis of no significant difference between the study 261 
areas. 262 
The carbon stable isotope composition values in the superficial sediments were 263 
depleted in area A1, when compared to areas A2 and A3 (Table 1). This descriptor 264 
rejected the null hypothesis, contrary to the nitrogen isotopic values (Table 2). Carbon and 265 
nitrogen isotopic values in the pooled fauna sample showed a pattern similar to that of the 266 
whole sediment: carbon isotopic depletion near the outfall branches (area A1) and 267 
enrichment with increasing distance from the outfall (areas A2 and A3, Table 1), but 268 
relatively similar nitrogen isotopic values across the areas (Table 1). Also, the carbon data 269 
rejected the main test null hypothesis, contrary to the nitrogen data (Table 3). The carbon 270 
and nitrogen isotopic analysis in the Bivalve Abra alba and the Polychaete Nephtys sp., 271 
showed enrichment with increasing distance from the outfall (Table 1). The isotopic carbon 272 
data rejected the null hypothesis for both species. The nitrogen data also rejected the null 273 
hypothesis for Abra alba, but not for Nephtys sp., although the associated significance is 274 
very close to the threshold value (p= 0.07, Table 3).  275 
Table 4 presents a summary of the macrobenthic species mean abundance per area. 276 
This Table includes 36 out of the total 192 taxa, corresponding to the subset which 277 
contributes with at least 2% to the total abundance per site. Table 4 shows alterations in 278 
the dominance structure of the benthic community across the areas. The more sensitive 279 
taxa to organic enrichment dominate the community away from the outfall, in area A3, 280 
whereas the area closer to the outfall, A1, is dominated by first-order opportunists 281 
(Capitella sp., EGV, Table 4). When considering the five most abundant species per area, 282 
A1 includes one first-order opportunist (EGV), two tolerant (EGIII) and two sensitive taxa 283 
(EGI), A2 includes one second-order opportunist (EGIV), one tolerant (EGIII) and three 284 
sensitive taxa (EGI), and A3 includes one second-order opportunist (EGIV) and four 285 
sensitive taxa (EGI). This illustrates the succession of the species, from the most tolerant 286 
to organic enrichment to the most sensitive, with increasing distance from the outfall. 287 
Table 5 gives the results for the PERMANOVA main test with the macrofauna benthic 288 
community data, considering the species abundance and the biotic indices. The species 289 
data strongly rejected the null hypothesis. None of the biotic indices showed the same 290 
result, although the significance level associated with the test for species richness was 291 
very close to the threshold value (p = 0.06, Table 5). Mean species richness was lower in 292 
area A1 when compared to areas A2 and A3, as were other indices related to species 293 
richness and diversity (H‟, ES(50) and d, Table 1), but none rejected the null hypothesis. 294 
AMBI, specifically related to the sensitivity/tolerance of species to organic enrichment, 295 
although showed decreasing values from area A1 to A3 (Table 1), was not effective to 296 
reject the null hypothesis. The same for M-AMBI, according to which all individual sample 297 
replicates were classified in „Good‟ status, except the replicates from sites 18 and 27, all in 298 
„High‟ ecological quality status. 299 
Table 6 summarizes the pairwise comparisons between areas for the descriptors which 300 
rejected the main test null hypothesis. Area A1 was always significantly different from 301 
areas A2 and A3, except for the nitrogen stable isotopic composition data in the Bivalve 302 
Abra alba. None of the descriptors identified areas A2 and A3 as significantly different. 303 
These results show a very good agreement between various independent indicators and 304 
point out area A1 as significantly altered due to organic enrichment: negative redox 305 
potential values in the superficial sediment, depleted carbon isotopic composition values, 306 
in the whole sediment, in selected macrofauna species and in an homogenized sample of 307 
a pool of benthic species and the benthic community dominated by first-order opportunists. 308 
The organic enrichment in area A1 may be considered mild, given that no change of the 309 
physical environment was noticed, namely sediment grain-size alteration or organic matter 310 
accumulation in the sediment. The ordination diagrams shown in figure 2 illustrate the 311 
separation of area A1 and the relative indistinctiveness between areas A2 and A3.  312 
 313 
4. Discussion 314 
Several indicators used in this study diagnose organic enrichment of the seafloor in the 315 
area located closer to the outfall: the negative redox potential of the superficial sediment, 316 
very fine clean sand, indicating a reduced environment (indirect evidence), depleted 317 
carbon isotopic composition, in the superficial sediment and the benthic macrofauna, 318 
indicating the terrestrial origin of the organic matter in the sediment and assimilated by the 319 
fauna (direct evidence), and the benthic macrofauna species abundance alterations, with 320 
the dominance of first-order opportunists (indirect evidence).  321 
The redox potential values reported in the vicinity of the outfall are much lower than 322 
those reported for the same sites before the operation of this system, in the range of +200 323 
mV to +300 mV (Quintino et al. 2001). Pearson (1987) also found negative redox values in 324 
a sludge-disposal site in the Firth of Clyde, Scotland, becoming positive with increasing 325 
distance from the disposal area. The negative redox potential values are related to 326 
reduced conditions in the sediment, as a consequence of the degradation of organic 327 
matter by chemical and biological processes and can serve as guide to the biological 328 
condition of the sediment and the degree of organic load input (Pearson and Stanley 329 
1979).  330 
The depleted carbon and nitrogen stable isotope composition values in the superficial 331 
sediments in the vicinity of the outfall are associated with effluent discharges from primary 332 
treatment sewage facilities in coastal environments worldwide (Sweeney et al. 1980; 333 
Waldron et al. 2001). These depleted values indicate a direct sewage influence upon the 334 
superficial sediment. Sewage is mainly composed of urea and its hydrolyzed form, 335 
ammonia, is 15N-depleted in relation to 15N of marine nitrates.  With volatilisation part of 336 
this ammonia is lost, inducing 15N-enrichment in the remaining ammonia (Vizzini and 337 
Mazzola 2004). This enrichment is small in untreated or primary treated sewage (Gaston 338 
and Suthers 2004), bringing the sewage signal closer to the terrestrial isotopic signal (13C, 339 
-28‰, 15N, 3‰) than to the marine isotopic signal (13C, -21‰, 15N, 6‰, Fry and Sherr 340 
1984; Tucker et al. 1999; Hu et al. 2006). Studies have reported the assimilation of 341 
sewage-derived terrestrial organic matter by the benthic fauna (Van Dover et al. 1992; 342 
Conlan et al. 2006). This can explain the depleted carbon and nitrogen isotopic values 343 
reported in tis study for the benthic species close to the outfall. Waldron et al. (2001) also 344 
found depleted values in macrofauna species beneath a sewage outfall with primary 345 
treatment, in the Firth of Forth, that became enriched 2000 meters away from the outfall. In 346 
this study, enrichment was also noticed in the carbon stable isotope composition values in 347 
the superficial sediments and macrofauna species (Abra alba, Nephtys sp. and 348 
homogenized fauna), at 500 meters from the outfall but only Abra alba showed significant 349 
differences in nitrogen stable isotope composition values between the areas. This could 350 
indicate a sewage-derived depleted nitrogen signal at farther distances (areas A2 and A3), 351 
but this is unclear at this point. 352 
The benthic community species composition and abundance were significantly 353 
different in the area closest to the outfall, where it was dominated by opportunist species, 354 
tolerant to organic enrichment. With increasing distance, the opportunists diminish their 355 
importance and the sensitive species regained the dominance of the benthic community. 356 
This scenario is found worldwide. Opportunist species set the first stages of an ecological 357 
succession due to their tolerance to inhospitable habitats and often create favourable 358 
conditions for sensitive species to establish (Pearson and Rosenberg 1976, 1978; Hily and 359 
Glémarec 1990; Grall and Glémarec 1997).  360 
The analysis of the biotic indices showed that these were not effective at showing 361 
benthic alterations associated with the organic enrichment despite some being based on 362 
species tolerance/sensitivity thresholds to this type of disturbance. Previous studies have 363 
attributed a poor performance of AMBI to the ecological group assignment (Muniz et al. 364 
2005; Labrune et al. 2006; Albayrak et al. 2006), especially when the disturbance agent is 365 
not related to organic enrichment. This classification is based on experts‟ judgement or 366 
studies related to organic enrichment but a lot of species lack sensitivity studies to other 367 
types of disturbances (Labrune et al. 2006). Some authors proposed a higher classification 368 
for some species, namely, Ditrupa arietina (Labrune et al. 2006), Ampelisca diadema 369 
(Albayrak et al. 2006), Diopatra cuprea (Bigot et al. 2008), considered as group I in the 370 
AMBI classification or Nematoda (Muniz et al. 2005), considered as group III. In our study, 371 
Diopatra marocensis also points out for a higher classification due to its higher abundance 372 
close to the outfall (Rodrigues et al. 2009). Salas et al. (2004) also refer the need of 373 
reviewing the species classification in AMBI and Simboura and Reizopoulou (2007) argued 374 
that the AMBI boundaries in the Moderate/Good class are too wide, giving the index a 375 
better performance in some situations. In our case, all the samples were classified in 376 
„Good‟ or ‟High‟ quality status. Other studies have emphasize that the use of AMBI alone 377 
fails to highlight some anthropogenic pressures (Muxika et al. 2005, Quintino et al. 2006) 378 
but in conjunction with other metrics, like in the case of M-AMBI, proves to be a valid 379 
option (Borja et al. 2008b, 2009). Van Hoey et al. (2008) found that M-AMBI was not 380 
correlated with the AMBI biotic coefficient but mainly with Shannon diversity and the 381 
species richness components. Consequently, M-AMBI evaluation was mainly weighed by 382 
the changes in the diversity/richness indices. These however can be influenced by 383 
seasonal natural variability, habitat type, sample size and sampling methodology (Reiss 384 
and Kröncke 2005; Salas et al. 2006), making it a poor measure of biodiversity (Warwick 385 
and Sommerfield 2008). According to the present study, biotic indices may cause essential 386 
information to be lost and hence, impair our diagnostic capability. The analysis of the full 387 
species composition data set gave a more valuable picture of the environmental disruption 388 
and specific descriptors such as stable isotopes allowed a good understanding of the 389 
spatial extent associated with the organic enrichment. The carbon stable isotopic analysis 390 
of the homogenised biological benthic material, instead of species level analysis, provided 391 
a rapid diagnostic for the detection of the organic enrichment occurring in this coastal area. 392 
 393 
5. Conclusion 394 
The range of single variable and multivariate biotic indices used in this work did not 395 
detect alterations associated with organic enrichment. This was surprising given that some 396 
of the indices, namely AMBI, are based on a species tolerance/sensitivity classification to 397 
this type of disturbance. Other descriptors demonstrated this categorically, for example the 398 
redox potential was significantly lower in the area closest to the outfall, indicating that the 399 
degradation of the organic matter input into the system is creating reduced conditions in 400 
the sediment, an indirect sign of the organic enrichment. The stable isotope composition in 401 
the Bivalve Abra alba, in the Polychaete Nephtys sp. and in a composite sample of benthic 402 
species, also significantly differentiated the area closest to the outfall. Here the more 403 
negative isotopic ratio diagnosed a terrestrial origin of the organic carbon being consumed 404 
by the benthic community. A similar image was obtained with the stable isotope analysis 405 
performed on the bulk sediment, indicating that the organic material in that part of the shelf 406 
has a terrestrial origin; this is a direct evidence of the organic enrichment. The benthic 407 
community species composition and abundance were also significantly different in the 408 
area closest to the outfall, where it was dominated by opportunist species, tolerant to 409 
organic enrichment. Although this case study may reflect mild organic enrichment, given 410 
that no physical sediment alterations nor organic accumulation were detected, and that no 411 
significant impoverishment of the benthic community was detected in the areas close to 412 
the outfall, the analysis performed at the level of the synthesis indices could lead to 413 
managers and decision makers underestimating the actual situation.  414 
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Table 1. Sediment baseline descriptors, stable isotopes and benthic macrofauna biotic 
indices per study area (A1 to A3, mean ± standard deviation; n=9). Eh - redox potential; 
TVS - total volatile solids; 15N - nitrogen stable isotope; 13C - carbon stable isotope; S 
- species richness; A - abundance; H’ - Shannon diversity; J’ - Pielou evenness; ES(50) 
- Hurlbert rarefaction; d - Margalef richness; 1-’ - Simpson index; AMBI - AZTI marine 
biotic index; M-AMBI – multimetric AMBI. 
 
                                         Areas (sites) 
 A1 (3, 4, 5) A2 (6, 8, 10) A3 (18, 23, 27) 
Sediment baseline descriptors 
> 2 mm 0.1 ± 0.24 0.0 ± 0.01 0.0 ± 0.06 
1 – 2 mm 2.3 ± 0.89 1.5 ± 0.47 0.7 ± 0.32 
0.5 – 1 mm 4.1 ± 1.31 3.8 ± 1.36 1.8 ± 0.98 
0.25 – 0.5 mm 7.1 ± 2.53 7.9 ± 3.61 4.1 ± 1.83 
0.125 – 0.25 mm 61.5 ± 5.34 58.6 ± 4.55 56.0 ± 5.62 
0.063 – 0.125 mm 21.8 ± 3.56 24.3 ± 6.65 31.8 ± 5.53 
< 0.063 mm 3.1 ± 0.63 3.9 ± 1.87 5.6 ± 2.59 
Median () 2.6 ± 0.05 2.6 ± 0.13 2.8 ± 0.13 
TVS (%) 1.6 ± 0.19 1.5 ± 0.24 1.9 ± 0.32 
Eh (mV) -112.6 ± 33.48 40.6 ± 68.76 61.1 ± 49.20 
Stable isotope descriptors 

15
N (‰) - Sediment 2.7 ± 0.93 3.0 ± 0.55 2.6 ± 0.62 

13
C (‰) - Sediment -24.2 ± 0.44 -23.4 ± 0.51 -23.0 ± 0.45 

15
N (‰) - Fauna 7.1 ± 0.43 7.6 ± 0.84 7.2 ± 0.42 

13
C (‰) - Fauna -20.6 ± 0.33 -19.4 ± 0.58 -18.9 ± 0.57 

15
N (‰) - Abra alba 4.2 ± 0.56 5.4 ± 0.84 6.1 ± 0.77 

13
C (‰) - Abra alba -22.3 ± 0.64 -20.1 ± 1.03 -18.6 ± 0.75 

15
N (‰) - Nephtys sp. 7.1 ± 0.57 8.5 ± 0.94 8.9 ± 1.00 

13
C (‰) - Nephtys sp. -20.1 ± 0.99 -18.9 ± 1.34 -18.1 ± 0.69 
Biotic indices 
S (0.1 m
2
) 48.0 ± 3.94 63.9 ± 7.34 70.3 ± 14.55 
A (0.1 m
2
) 556.7 ± 156.20 686.4 ± 173.66 714.8 ± 140.91 
H’ (log2) 4.1 ± 0.38 4.5 ± 0.15 4.6 ± 0.42 
J’ 0.7 ± 0.06 0.7 ± 0.04 0.7 ± 0.05 
ES(50) 18.2 ± 2.29 20.4 ± 1.05 21.5 ± 2.65 
d 7.5 ± 0.79 9.7 ± 0.84 10.5 ± 2.00 
1-’ 0.9 ± 0.04 0.9 ± 0.02 0.9 ± 0.04 
AMBI 2.7 ± 0.50 2.4 ± 0.25 2.1 ± 0.56 
M-AMBI 0.7 ± 0.06 0.8 ± 0.03 0.9 ± 0.11 
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Table 2. PERMANOVA main test results for the sediment descriptors. df - degrees of 
freedom; SS - sums of squares; MS - mean square; p – significance level (ns = non 
significant). 
Test df SS MS Pseudo-F p 
Grain size 
Areas 2 764.84 382.42 1.8508 0.2004 (ns) 
Sites (Areas) 6 12301.89 206.63 8.861 0.0001 
Residuals 18 419.74 23.32   
Total 26 2424.30    
Median 
Areas 2 0.186 0.093 2.4766 0.1601 (ns) 
Sites (Areas) 6 0.2253 0.0375 10.605 0.0001 
Residuals 18 0.0637 0.0035   
Total 26 0.475    
Total volatile solids 
Areas 2 0.676 0.338 1.9905 0.2128 (ns) 
Sites (Areas) 6 1.0188 0.1698 5.8518 0.0014 
Residuals 18 0.5223 0.029   
Total 26 2.217    
Redox potential 
Areas 2 162150 81075 11.746 0.0074 
Sites (Areas) 6 41414 6902.3 5.0208 0.0037 
Residuals 18 24746 1374.8   
Total 26 228310    
Sediment nitrogen stable isotope 
Areas 2 0.8488 0.4244 0.5173 0.6249 (ns) 
Sites (Areas) 6 4.9224 0.8204 1.966 0.1218 (ns) 
Residuals 18 7.5112 0.4173   
Total 26 13.282    
Sediment carbon stable isotope 
Areas 2 7.0477 3.5239 12.733 0.0057 
Sites (Areas) 6 1.6605 0.2768 1.3884 0.2754 (ns) 
Residuals 18 3.5881 0.1993   
Total 26 12.296    
 
 
 
 
 
 
 
 
 
 
 
Table 3. PERMANOVA main test results for the stable isotopes composition values 
analysed in the macrofauna. df - degrees of freedom; SS - sums of squares; MS - 
mean square; p – significance level (ns = non significant). 
Test df SS MS Pseudo-F p 
Nitrogen stable isotope (pooled fauna sample) 
Areas 2 1.225 0.6125 0.68 0.5329 (ns) 
Sites (Areas) 6 5.4041 0.9007 5.1618 0.0032 
Residuals 18 3.1408 0.1745   
Total 26 9.7699    
Carbon stable isotope  (pooled fauna sample) 
Areas 2 13.824 6.9119 9.7163 0.0143 
Sites (Areas) 6 4.2682 0.7114 6.501 0.0007 
Residuals 18 1.9696 0.1094   
Total 26 20.062    
Abra alba nitrogen stable isotope 
Areas 2 16.674 8.337 9.8749 0.0116 
Sites (Areas) 6 5.0656 0.8443 1.9254 0.1282 (ns) 
Residuals 18 7.8928 0.4385   
Total 26 29.632    
Abra alba carbon stable isotope 
Areas 2 62.463 31.232 15.684 0.0049 
Sites (Areas) 6 11.947 1.9912 8.2572 0.0002 
Residuals 18 4.3408 0.2412   
Total 26 78.752    
Nephtys sp. nitrogen stable isotope 
Areas 2 15.836 7.9182 4.3312 0.0691 (ns) 
Sites (Areas) 6 10.969 1.8282 4.8422 0.0041 
Residuals 18 6.796 0.3776   
Total 26 33.602    
Nephtys sp. carbon stable isotope 
Areas 2 18.095 9.0476 10.032 0.012 
Sites (Areas) 6 5.4114 0.9019 0.789 0.5895 (ns) 
Residuals 18 20.575 1.1431   
Total 26 44.082    
 
 
 
 
 
 
 
 
 
 
 
Table 4. Species mean abundance (ind/0.1m2) in areas A1 to A3. The highlighted 
values indicate the area where each species presents the highest mean abundance. 
The rectangles enclose the five most abundant species per area. EG – AMBI 
Ecological Group assignment. 
 
Species EG A1 A2 A3 
Urothoe poseidonis (I) 10.4 1.4  
Capitella sp. (V) 106.1 17.0 4.2 
Tellina fabula (I) 56.0 38.3 13.7 
Mediomastus fragilis (III) 45.3 27.6 15.2 
Spio decoratus (III) 44.4 25.7 13.6 
Diopatra marocensis (I) 41.0 7.2 3.9 
Nassarius reticulatus (II) 9.3 3.0 2.1 
Nephtys hombergii (II) 8.2 5.2 5.4 
Diogenes pugilator (II) 5.6 4.0 1.0 
Tellimya ferruginosa (II) 5.1 2.1 2.9 
Echinocardium cordatum (I) 4.4 1.3 2.0 
Caulleriella alata (IV) 3.1 1.0 0.8 
Kurtiella bidentata (III) 2.6 1.0 0.2 
Prionospio fallax (IV) 40.9 141.1 124.7 
Prionospio (Prionospio) steenstrupi (IV) 2.6 10.3 7.2 
NEMERTINA (III) 24.8 45.7 40.1 
Magelona johnstoni (I) 22.4 61.1 47.9 
Chaetozone sp. (IV) 7.1 27.8 22.0 
Magelona alleni (I) 0.7 4.0 3.6 
Pectinaria (Lagis) koreni (IV) 16.4 22.8 13.1 
Dipolydora coeca (IV) 1.7 2.6 0.1 
Spiophanes bombyx (III) 11.9 17.2 15.0 
Ophiura sp. (II)  5.2 0.6 
Abra alba (III) 20.4 30.7 34.7 
Magelona filiformis (I) 6.2 39.3 43.4 
Ampelisca sp. (I) 6.6 19.9 60.6 
Euclymene oerstedi (I) 0.9 6.7 40.2 
Hyalinoecia bilineata (II) 1.4 8.2 20.9 
Lumbrineris gracilis (II) 0.9 7.9 24.6 
Ampharete finmarchica (I) 0.3 3.3 10.6 
Owenia fusiformis (II) 5.9 4.2 8.9 
Spiochaetopterus solitarius (III) 1.7 1.4 5.8 
Spiophanes kroyeri (III) 0.8 1.9 5.4 
Sabellaria spinulosa (I) 3.8 4.9 5.1 
Edwardsia claparedii (III) 0.1 1.3 1.7 
Praxillura sp. (I)  0.4 4.2 
 
 
 
 
 
 
 
 
Table 5. PERMANOVA main test results for the macrofauna community and biotic 
indices. df - degrees of freedom; SS - sums of squares; MS - mean square; p – 
significance level (ns = non significant). 
 
Test df SS MS Pseudo-F p 
Macrofauna community 
Areas 2 7584.7 3792.3 2.6258 0.0154 
Sites (Areas) 6 8665.6 1444.3 3.5238 0.0001 
Residuals 18 7377.5 409.86   
Total 26 23628    
Specific richness (S) 
Areas 2 2378.3 1189.1 4.5946 0.0628 (ns) 
Sites (Areas) 6 1552.9 258.81 6.6935 0.0011 
Residuals 18 696 38.667   
Total 26 4627.2    
Abundance (N) 
Areas 2 127930 63966 2.3792 0.1442 (ns) 
Sites (Areas) 6 143250 23876 0.9507 0.4819 (ns) 
Residuals 18 452050 25144   
Total 26 723230    
Shannon diversity (H'log2) 
Areas 2 0.9299 0.4649 2.3201 0.1848 (ns) 
Sites (Areas) 6 1.2024 0.2004 2.3495 0.0731 (ns) 
Residuals 18 1.5353 0.0853   
Total 26 3.6676    
Hurlbert rarefaction (ES50) 
Areas 2 49.783 24.892 3.5463 0.0971 (ns) 
Sites (Areas) 6 42.113 7.0189 1.9502 0.1275 (ns) 
Residuals 18 64.785 3.5992   
Total 26 156.68    
Margalef richness (d) 
Areas 2 44.403 22.202 4.5636 0.0655 (ns) 
Sites (Areas) 6 29.19 4.8649 6.5446 0.0010 
Residuals 18 13.38 0.7436   
Total 26 86.973    
Simpson index (1-') 
Areas 2 0.0014 0.0007 0.4238 0.6758 (ns) 
Sites (Areas) 6 0.0100 0.0017 1.6583 0.1876 (ns) 
Residuals 18 0.0182 0.0010   
Total 26 0.0296    
AMBI index 
Areas 2 1.6159 0.8079 1.6548 0.2633 (ns) 
Sites (Areas) 6 2.9294 0.4882 4.3624 0.0067 
Residuals 18 2.0145 0.1119   
Total 26 6.5598    
M-AMBI index 
Areas 2 0.1102 0.0551 3.287 0.114 (ns) 
Sites (Areas) 6 0.1006 0.0168 7.7983 0.0003 
Residuals 18 0.0387 0.0021   
Total 26 0.2494    
 
 
 
Table 6. Values for the t-statistic and associated significance in the pairwise 
comparisons between areas (A1 to A3), for the descriptors that rejected the main test 
null hypothesis (significance values: * p<0.05; ** p<0.01; ns – non significant). 
Descriptors A1 vs. A2 A1 vs. A3 A2 vs. A3 
Redox potential 3.5377* 7.5784** 0.4380 (ns) 
Sediment carbon stable isotope 2.904* 5.525** 1.7519 (ns) 
Pooled fauna carbon stable isotope 3.3717* 4.4329* 1.2381 (ns) 
Abra alba nitrogen stable isotope 2.6538 (ns) 6.0984** 1.4282 (ns) 
Abra alba carbon stable isotope 3.2417* 6.2702** 2.0786 (ns) 
Nephtys sp. carbon stable isotope 2.8067* 4.5866** 1.6308 (ns) 
Macrofauna community 1.7644* 2.0662* 0.9080 (ns) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure captions 
 
Figure 1. Study area showing the positioning of the double branch marine outfall and 
the nine sampling sites, indicating the three study areas, A1 to A3, located at 
increasing distance from the outfall. A1 = sites 3, 4 and 5; A2 = sites 6, 8 and 10; A3 = 
sites 18, 23 and 27. 
 
Figure 2. Ordination analysis diagrams for the macrofauna species abundance and the 
carbon and nitrogen isotopic composition data in the biological samples (Abra alba, 
Nephtys sp. and pooled sample). 
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